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a b s t r a c t
Studies on cutaneous evaporation (sweating) in cattle are 
important to determine its role in heat tolerance and to supplement 
knowledge on bovine sweat glands. With these objectives, the current 
study was undertaken in three phases with 10 yearling Holstein heifers. 
In the first phase, 10 animals were subjected for 60 days to a regimen 
of controlled environmental temperatures cycling diurnally between 
77°F and 18 mm Hg vapor pressure, 85°F and 22 mm Hg, and 96°F and 
29 mm Hg. in the second phase, 5 of the earlier 10 heifers were 
stanchioned for two months in the psychrometric chamber adjusted to 
66°F and 12 mm Hg vapor pressure. In the third phase, 3 pairs of the 
younger heifers were stanchioned under an open shed. For measuring 
the responses, the animals were brought in pairs into a hot climatic 
chamber (101°F and 29 mm Hg vapor pressure) and kept for a period of 
6 hours and then returned to the outside stanchion barn. One 
member of each of the pairs had been previously under air-conditioning 
(66°F and 12 mm Hg), while the other member of the pair had been 
exposed to natural summer climatic conditions. The measures of re­
sponses were made during four replications at weekly intervals.
Sweating rate, rectal temperature, respiration rate, skin temperature, 
metabolic heat production, respiratpry vaporization, surface area, 
sweat gland population and body weight changes of the animals were 
measured.
Mean sweating rates as determined from the forechest of the 
heifers by the capsule technique at air temperatures of 66°, 77°,
xi
85° and 96°F were 86.0, 107,2, 138,8 and 210.0 g/m^/hr respectively.
A progressive decline In sweat production was apparent on repeated 
tests under the two higher ambient temperatures (85°F and 96°F). The 
increase in sweating rate with increase in ambient temperature was 
significant (P^0.05). Highly significant (P^O.Ol) increases in 
rectal temperature, respiratory rate, skin temperature and respiratory 
vaporization with increasing air temperatures were noted. Among- 
animal differences in sweating rate, rectal temperature, respiration 
rate and metabolic heat production were also statistically signifi­
cant (P^0.05), Within-animal correlations between sweating rate and 
each of the other responses were highly significant (P^O.Ol).
Among-animal correlations between sweating rate and each of rectal 
temperature, respiration rate and skin temperature were negative and 
non-significant.
The average number of sweat glands per cm? of skin as determined 
by the biopsy technique was 991 +89. The correlation coefficient 
(r = 0.471) between the sweat gland population and sweating rate was 
not significant. A nonsignificant negative correlation (r = -0.278) 
between the sweating rate and surface area was obtained. There was a 
significant (P^.0,05) positive correlation (r = 0.645) between the 
sweating rate and the daily gain in body weight of the animals.
Time trends in sweating rate, rectal temperature, respiration 
rate and skin temperature, as observed upon heat exposure for 6 hours 
at 101°F and 29 mm Hg vapor pressure, could be described by polynomial
xii
regressions of second degree. The curvilinear regression equations 
for the different physiological responses were as follows:
Y (sweating rate) = 49.471120 -t- 0.060486440X - 0 .0001233620X2
Y (rectal temperature) = 101.86335 + 0.007286299X - 0.000006818737X2
^ . 2Y (respiration rate) = 70.652263 + 0.29565709X - 0 .0002967055X
Y (skin temperature) = 97.596644 + 0.006011952X - 0.000004354946X2 
where X is time of exposure in minutes.
Under hot conditions (101°F, 29 mm Hg), animals previously 
acclimatized to summer conditions responded with significantly 
greater (P ̂  0.05) sweat production than those which were previously 
exposed to cool conditions.
xiii
I. INTRODUCTION
The intensive scientific investigation of animal climatology is 
of recent origin. This has been prompted particularly by the low 
productivity of animals located in the sub-tropical and tropical 
areas of the world. Climate plays a dual role on animals in. this 
regard. It acts directly by altering the physiological mechanisms of 
the body and indirectly through the feeds and management available 
to the animal under different environmental conditions.
The animal climatologists have endeavored to identify those 
animals which can maintain a satisfactory level of production with 
minimum disturbance in their homeothermy. A high level of produc­
tivity necessarily involves an increased metabolic heat load on an 
animal. In case of dairy cattle, a direct association between the 
level of milk production and the level of metabolic heat production 
has been observed. Thus, in order to maintain her high productive 
level a lactating cow must depend on the different avenues of heat 
loss available to her when she is subjected to this greater heat 
stress.
The intervening medium between an animal and its environment 
is its skin. Skin plays a very significant part in temperature 
regulation of animals. It is the chief organ of heat dissipation. 
When atmospheric temperature is below the threshold of thermoneu­
trality of the animal, heat is transferred primarily from skin to 
the surroundings by radiation, conduction and convection. As the
air temperature exceeds this "comfort zone" (50°F to 70°F) of the 
animal, cutaneous and pulmonary evaporative cooling becomes more 
important.
In a tropical climate animals are often exposed to an ambient 
temperature which is near or even above their body temperature.
Under these conditions the animal depends completely on its evapor­
ative processes to maintain thermal equilibrium. The evaporation 
of moisture is a very efficient method of cooling the body. With 
each gram of water vaporized, approximately 580 calories of heat 
is lost by the body. However, high humidity coupled with high 
air temperature puts an additional restriction on the animal by 
interfering with water vaporization. The situation becomes even 
worse when the wind velocity is also low.
One of the obvious questions which arises is how efficient 
are dairy cattle as compared to other warm-blooded animals in 
utilizing cutaneous evaporation as a means to compensate for high 
environmental temperatures. What is the main source of moisture 
for surface vaporization? It was thought earlier that the major 
part of vaporization was due to transpiration of water through the 
skin and that the bovine sweat glands were practically inactive 
in this respect. This seems to be contradictory in view of the 
findings obtained from recent studies on sweating activities of 
cattle. The present concensus of opinion is that cattle do sweat, 
although not as profusely as the horse or man, and that this per­
spiration contributes the greater portion of moisture for evapor­
ation from skin. Data to date also indicate a probable relationship
between the ability of the animal to sweat and its ability to with­
stand heat stress. A majority of the methods used to determine the 
rate of cutaneous evaporation in cattle, however, were not very 
precise. In some cases the skin was exposed to an atmosphere which 
was different from the natural ambient conditions. No attempt 
apparently has been made to utilize any productive trait as a 
criterion of heat tolerance or adaptability while relating the 
latter with the sweating ability of the animals.
Therefore, the present investigation was undertaken to study 
the sweating rate in dairy cattle, exposing the skin to virtually 
ambient conditions, and to determine the importance of sweating in 
the thermal adaptability of animals, using the related physiological 
and productive processes of the body.
II. REVIEW OF LITERATURE
The efficiency of homeothermy is dependent upon the main­
tenance of a physiological equilibrium of the internal environ­
ment of an animal. As an interface between the external environment 
and the internal environment of the body, skin plays a paramount role 
in this regard. The pertinent available literature on the roles of 
the skin and sweat glands is reviewed in the following sections.
A. The Skin
The ox has the thickest skin among all of the domestic animals 
(88). The average thickness is about 3-4 mm. The thickness varies 
among different individuals and also in different body regions of 
the same individual. While some of the tropical breeds of cattle 
possess thicker skin than the temperate breeds (14., 15, 40, 77), 
this is not true for some other tropical breeds (24, 78, 104). The 
skin color also varies markedly, but this is usually masked by the 
hair. The hairs differ in color, size and shape in different 
breeds and also in different animals within the same breed. Of the 
two coat types, cattle with the wooly coat demonstrate lesser 
ability to tolerate heat than do the glossy or smooth coated ones 
(15, 25, 101). Heat tolerant breeds possess a greater hair density 
per unit area of skin. Hair fibers in these animals are short, 
thick, medullated and high in fat content (14, 15, 23). Seasonal 
changes in coat characters also indicate that hair fibers in spring
and summer are shorter, thicker and more medullated than those in 
winter (25, 26, 37, 43). An ideal combination for a heat resistant 
breed is the black hide and white, yellow or red coat. Black skin 
protects the body from sunburn by ultraviolet rays, and the parti­
cular coat colors are good reflectors of infra-red heat rays. This 
desirable combination of colors is usually present in tropical breeds 
of animals (15, 32). Zebu cattle possess pendulous dewlap and navel 
fold and long appendages and thus their total skin area is greater 
than that of the European breeds. Brody (17) believed that the 12% 
greater surface area of Brahman cattle was responsible for their 
greater heat tolerance. Later studies by Johnston et jil (48) and 
McDowell (62), however, failed to confirm that the differences in 
heat tolerance between the temperate breeds and crosses between tem­
perate and tropical breeds could be ascribed to their differences in 
proportional surface area.
Histological studies (31, 38, 40, 88, 98) of the ox skin reveal 
many characteristic features. The skin in cattle consists of two 
distinct strata. The superficial layer is known as the epidermis, 
while the deep layer is called the dermis or corium. The epidermis 
is uniformly thick, but the dermis is thinner in the body regions 
where thinner skin exists. In epidermis, stratum cornium and stratum 
germinativum are clearly defined. However, stratum lucidum and 
stratum granulosum are hardly identified in cattle. Pigment granules, 
yellow in color, are located in deep epidermal layers. The dermis 
is made up of a network of fiber bundles and the fibroelastic cells 
are interspersed within. Dermal fiber bundles are loose in tropical
breeds of cattle, while in temperate breeds the fibers are strongly 
bound together. The papillae in the superficial layer of the corium 
are usually absent. The blood capillaries anastomose to form a net­
work, each loop encircling a hair follicle. The layer containing 
this network corresponds to the rete subpapillae in human. The deep 
layer corresponding to the reticular layer in other animals contains 
the sebaceous glands. The sebaceous gland is holocrine in type.
It consists of piriform lobes and is always attached to the upper 
part of the hair follicle. Large sebaceous glands have been found to 
be associated with shorter hair fibers. Each hair follicle is also 
accompanied by an arrector pili muscle and a sweat gland. Until 
recently little attention has been paid to the exploration of the 
anatomy and physiology of sweat glands in cattle. Since, the sweat 
glands are directly involved in cutaneous evaporation, their struc­
ture and function will be discussed separately from the literature 
available to-date. Cutaneous vascular supply consists of arteries 
which enter from the hypodermis. In European cattle, large arteries 
at the base of the dermis have been found to be always accompanied 
by one or two veins. This serves as a heat-conserving mechanism. 
Three vascular plexuses run parallel to the skin surface. The 
deepest plexus lies at the base of the corium. The intermediate 
plexus occurs between the sebaceous gland level and the sweat gland 
level. The superficial plexus is located between the epidermis and 
the intermediate plexus. The subepidermal blood supply consists of 
a network of several fine capillaries. The capillaries surround the 
hair follicles at different levels. Thus, an increase in the hair
population per unit area of skin also increases the capillary sur­
face area. This aids in increased heat dissipation. The lymph 
vessels arising from the capillary networks pass through the dermis 
and communicate with the intercellular channels in the epidermis 
and finally drain into the subcutaneous lymphatic plexus. The nerve 
fibers extend through the corium to the epidermis, being finally 
distributed to hairs, glands and other associated structures. Some 
branches terminate in special microscopic nerve endings.
B. Sweat Glands
The information available on the anatomy and physiology of 
bovine sweat glands is meagre. However, an excellent general review 
on sweat glands has recently been published by Weiner and Heilman 
(107). Sweat glands are best developed in man. The human sweat 
glands are of eccrine type. Among the domestic animals, horses 
possess a large number of highly developed sweat glands over the 
entire body surface. Sheep and oxen are also known to sweat from 
the general body surface.
1. Morphology
Bovine sweet glands are primarily apocrine in nature (4, 40, 73, 
75, 98, 102, 103, 106). The glands are distributed over the general 
skin surface. Each gland is situated at the base of one hair follicle. 
The secretory part is usually a sac-like structure though convoluted 
type has also been reported. The secretory layer consists of cubical 
polyhedral cells with small nuclei. Inner to the basement membrane, 
myoepithelium consists of longitudinal smooth muscle fibers. The
myoepithelial coat envelopes the secretory cells. The excretory 
duct is a straight tube. The sweat glands are supplied with very 
few blood capillaries, but there is a rich supply of sympathetic 
nerves.
Considerable variation exists in the measurements of sweat 
glands in cattle. Findlay and Yang (33) obtained skin sections from 
slaughtered Ayrshire cattle. Skin specimens were taken from 21 
different regions of each of five 3 to 4 year-old cows. The average 
secretory tubule length, circumference and secretory area per gland 
were 0.65 mm, 0.34 mm and 0.22 mm^, respectively. The glandular 
area of sweat glands per cm^ of skin was 3.94 cu£. Similar experi­
ment was conducted by Hafez £t al. (40) with hides of three Egyptian 
buffalo bulls and three bulls. Sixteen body regions were studied.
The corresponding dimensions were 0.47 mm, 0.26 mm, 0.12 mm^ and 
3.08 cm^, respectively. The experimental material of Pan (77) was 
comprised of biopsy samples from 4 Jersey and 4 Sahiwal cows. The 
number of skin sites selected by him for specimen collection was 21 
in each Jersey cow and 25 in each Sahiwal cow. Sweat gland for the 
Jerseys averaged 0.67 mm in length, 0,12 mm in width and 0.007 mm^ 
in volume. Sahiwals had 70% longer and 55% wider sweat glands with 
315% greater volume. These differences were highly significant 
statistically (P^O.01). A highly significant statistical difference 
was also obtained in the total sweat gland volume per cm^ of skin.
It was 340% greater in Sahiwals than in Jerseys. Nay and Hayman 
(75) worked with biopsy skin samples obtained from the midside area 
of different breeds of dairy cattle. The animals included were 2
Jersey, 2 Red Poll and 3 Friesian cows, and 1 Jersey, 4 Sindhi and
5 Sahiwal heifers. The average length, diameter and volume of an
3individual gland were 0.94 mm, 0.17 mm and 0.023 mm in Zebu, and
0.72 mm, 0.13 mm and 0.010 mm^ in European breeds, respectively. The 
vertical distance from epidermis to the opening of the sweat gland 
duct in the two breeds were on an average 0.73 and 0.98 mm, respec­
tively. Nay and Dowling (74) obtained further biopsy specimens from 
10 bulls of each of 5 different strains of Australian Shorthorn cattle 
from the midside area. These cattle were found to possess sweat 
glands of smaller size, viz., 0.004 m m^. The repeatability of 
their duplicate measurements was 81%. Walker (106) worked with both 
biopsy skin specimens and slaughtered hides of 14 different African 
breeds of cattle. The samples were obtained from the left midside 
(over the second last rib) of the body. The average gland size in 
these breeds was 0.018 mm^.
Similar variability exists in the population of sweat glands.
In Ayrshire cattle, the average number of sweat glands per cm^ of 
skin has been reported to 1,871. The number ranged from about 1,000 
in the lower limbs to about 2,500 in the axilla and neck (33). The 
midside area possesses an intermediate number of sweat glands as 
compared to the gland populations over the whole body surface (21,
23, 75, 77). The average number of sweat glands from the middle is 
about 790 in Shorthorn, 1,000 in Jersey, 1,500-1,700 in Zebu and 
1,320 in Zebu crosses. In the shoulder region the number of sweat 
glands is higher. In Zebu, the average gland population in this 
area is 2,196 and in Australian Illawara Shorthorn 1,787 per cm^.
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Nay and Dowling (74) counted the density of sweat glands from dupli­
cate skin samples obtained from the midside location. The repeat­
ability between the two measurements was as high as 95%. Carter 
and Dowling (21) pointed out the error involved in calculating the 
sweat gland measurements from slaughtered hides to represent the 
values for normal skin in vivo. In mature European cattle, a cor­
rection factor of 0,45 was obtained for the total shrinkage of the 
biopsy specimen on the mounted section. Pan (77) noted 11 to 16% 
skin shrinkage in Sahiwals and 22 to 5370 in Jersey cows. One sweat 
gland being a member of each "hair follicle unit," the follicle num­
ber serves as an estimate of the sweat gland density, hyne and 
Heideman (60) conducted histological studies of the development of 
skin and hair follicles in 33 fetuses and 7 newborn calves of dif­
ferent temperate breeds of cattle. It was found that a fixed number 
of follicles is laid down at birth in cattle. The number of follicles 
per unit area decreases with the increase in skin area of the animal 
and to a function of its body weight of approximately the two-thirds 
power (21, 23, 28, 33, 100, 106). Thus, the follicle population in 
an animal decreases as the maturity is approached. There also 
exists a sex difference in the follicle number. The follicle number 
is higher in males, even after they are adjusted for their age.
Level of nutrition also exerts an influence on the follicle density. 
Drought conditions raise the follicle population per unit area 
presumably by decreasing the body size. Sweat gland density in 
cattle as reported by different investigators is presented in Table 
1.








Ayrshire Hind flank Slaughtered 1880 + 242a Findlay and Yang (33)
Ayrshire Mean of 21 sites Slaughtered 1871 + 500 Findlay and Yang (33)
AISb Midside Biopsy 807 +” 28 Carter and Dowling (21)
Jersey Midside Biopsy 1022“+ 27 Carter and Dowling (21)
Holstein Midside Biopsy 791 +”32 Carter and Dowling (21)
Egyptian Breeds Hind flank Slaughtered 2100 Hafez et al. (40)
Egyptian Breeds Mean of 16 sites Slaughtered 2633 Hafez et al. (40)
AIS Midside Biopsy 764 Dowling (23)
Zebu Midside Biopsy 1698 Dowling (23)
Zebu cross Midside Biopsy 1321 Dowling (23)
Jersey Midside Biopsy 10C5 Nay and Hayman (75)
Holstein Midside Biopsy 996 Nay and Hayman (75)
Zebu Midside Biopsy 1508 Nay and Hayman (75)
African Breeds Midside Biopsy 1445 Walker (105)
Jersey Midflank Biopsy 942 Pan (77)
Jersey Mean of 21 sites Biopsy 1066 + 27 Pan (77)
Zebu Midflank Biopsy 1100 " Pan (77)
Zebu Mean of 25 sites Biopsy 1197 + 25 Pan (77)
a Standard error 
b Australian Illawara Shorthorn
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2. Histology of Secretion
The occurrence of cytoplasmic detachment during the process of 
secretion in the bovine sweat glands has been identified histologi­
cally by Hafez at al. (40): and Findlay and Yang (33). The apocrine 
gland secretion takes place in stages. Cytoplasmic protuberances 
from the glandular epithelial cells lining the lumen wall are first 
formed. These protrusions form a chain of globules which finally 
break off and accumulate in the lumen. Findlay and Yang (33) have 
suggested that an intraluminal transformation of secretory products, 
detached from the epithelium, takes place. This results in a change 
of the secretory material from a coarse granular to a fluid homo­
genous state. These authors recognize only the apocrine type of 
secretion in bovine sweat glands. However, a merocrine type of 
secretory activity in tropical cattle has also been reported by 
Hafez eit al. (40). Findlay and Yang believe that the reported 
merocrine secretion is only an intermediate stage in the phases of 
apocrine secretion. Findlay and Jenkinson (36) have recently re­
investigated the histology of bovine sweat glands. Forty-seven biopsy 
and 18 slaughtered samples were obtained from different European 
breeds of cattle. The sweat glands in all the specimens were always 
found to be full of a fluid-like material. No globular protuberance 
of the glandular epithelium was observed. The sweat glands of the 
Ayrshire calves were not found empty even after they were exposed to 
heat stress for a varied length of time. These observations query 
the earlier findings of workers from the same Institute (33) and later 
confirmed by the Egyptian workers (40).
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3. Chemical Composition
Little is at present known about the chemical nature of apocrine 
secretion. The only available article on the chemical composition 
of bovine sweat is published by Yang (110). Histochemical techniques 
were employed to determine the chemical composition of sweat glands 
in Ayrshire cattle. Three to 5 animals were used for each test.
The reaction of sweat glands to the histochemical tests for glycogen, 
lipids and iron was negative. Human apocrine sweat gives positive
reaction to the above tests. From this point of view the apocrine
/
sweat glands of the two species cannot be assumed to be the functional 
analogues. Similarity of the glands in the two species was found 
with regard to the presence of phosphatase enzyme. However, this 
non-specific enzyme is utilized in different metabolic reactions of 
the body. The presence of ribonucleoprotein, the component present 
in the cytoplasm, and the absence of desoxyribonucleoprotein, the 
nuclear component, supports the histological evidence of aprocrine- 
type of secretion in bovine sweat glands.
4. Control
A detailed study of the innervation and neuro-humoral trans­
mitters to the sweat glands in cattle is yet to be made. The nervous 
pathways to the sweat glands originate in the heat regulatory center 
located in the hypothalamus (29). The nerve fibers extend through 
the medulla and leave the spinal cord in thoracolumbar branch of the 
autonomic nervous system. Dukes (29) states that the sweat nerves 
are under the control of sweat centers situated in the central
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nervous system. The stimulus to the centers may be (a) afferent 
impulses from the skin as a response to increased ambient temperature, 
(b) increase in the temperature of the blood circulating around the 
centers, (c) change in the composition of blood, particularly its pH 
and (d) emotional disturbances. However, the ultimate stimulus to 
the glands seems to be humoral, either circulatory or released at 
the nerve endings (107). Ingram et al. (44) demonstrated that 
surface evaporation in cattle could be stimulated by heating the 
hypothalamus. However, a rise in the hypothalamic temperature to be 
a prerequisite for Cutaneous water loss was not suggested.
An indirect method to study the nature of innervation is to 
identify the known enzymes or to use those substances which are known 
to inhibit the effect of adrenergic and cholinergic nerve mediators. 
Along these lines, some attempts have been made by Ferguson and Dowling 
(30) and Taneja (91, 94) to elucidate the way in which bovine sweat 
glands are activated under physiological conditions. The intradermal 
injection of adrenaline resulted in sweating on the skin of calves.
The effect of intravenous administration of Dibenamine, an adrenergic 
blocking drug, was a gradual reduction in sweating. During this 
blockade, adrenaline and noradrenaline were without any effect.
When the blocking effect was over, adrenaline increased the sweating 
rate while noradrenaline had no effect. In contrast to the effect 
of adrenaline, acetylcholine did not stimulate sweating. Atropine, 
on the other hand, failed to block the sweat glands. Based on these 
reports, Weiner and Heilman (107) concluded that sweating in cattle 
might be under the control of two factors, the chief one being a
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rise of circulating adrenaline and the other is an increase in the 
blood flow in the glandular area. This was supported by the evidence 
that noradrenaline, the principal nerve mediator of the sympathetic 
nervous system, failed to stimulate the sweat glands. Moreover, 
large doses of Priscol, a sympatholytic agent which also causes 
vasodilatation in high doses, was able to increase the sweating rate.
C. Measurement of Cutaneous Water Loss
Kuno (56) outlines the various methods available for cutaneous 
evaporation. The possibility of using some of these methods in farm 
animals has been discussed by Findlay (32).
1. Indirect Weighing Method
The cutaneous evaporative heat loss can be obtained by deducting 
from the total body weight loss the losses due to urine, feces, saliva 
and also the respiratory evaporative loss. This method indirectly 
measures the total amount of water loss from the entire body surface. 
Majority of the data reported on surface evaporation have been obtained 
by this procedure (16, 55, 57, 82, 87, 92). Whole body surface is 
exposed here to the experimental environment. No measuring instru­
ment covers any area of the skin to create a probable micro­
climate locally. However, it is difficult to obtain accurate results 
in large animals by this method. Large animals exhibit great indi­
vidual variation in their body weights. The status of the animal 
in regard to its feed and water intake and elimination of excreta 
just prior to recording the body weight has a great influence on the 
results obtained. Cutaneous evaporative loss is obtained here by the
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process of elimination. It is likely that the experimental errors 
involved in measuring the different intermediate processes will 
cumulatively influence the data on skin vaporization. Table 2 shows 
the cutaneous evaporation rates obtained by the indirect weighing 
method,
2. Colorimetric Method
Sweat prints can be obtained by the use of substances which 
change their colors when in contact with sweat (21, 30, 50, 95). With 
the increase in the rate of sweating, the colored spots on the applied 
area increase in number and size. The intensity of coloration can 
be read in a densitometer to obtain an estimate of the relative amount 
of sweating. A similar approach has been made by Chowdhury and Sadhu 
(22) and Ferguson and Dowling (30) to study the rate of decoloniza­
tion of certain chemical substances to get an indication of the 
relative sweating rate. Atmospheric humidity influences the reaction 
of the sweat with the chemicals applied on the skin. However, the 
results obtained from such sweat prints in cattle are not very 
conclusive. As suggested by Lee (58), this may possibly be due to 
the interference by the oily secretion of the sebaceous gland which 
is always associated with the hair follicle along with the sweat 
gland. Moreover, the chemical composition of sweat in cattle, as it 
is known today, is not identical with that of human sweat. This makes 
it necessary to ensure that the right kind of chemical substances 
are chosen which will react specifically to bovine sweat.
TABLE 2. Cutaneous evaporative rate in cattle--indirect method
Ambient Vapor Mean evaporative
Breed temperature_____ pressure___________ rate__________________ Reference
(°F) (mm Hg) (g/m2/hr)
Zebu X AISa 86
Zebu X AIS 95














































Knapp and Robinson (56) 
Knapp and Robinson (56) 
Knapp and Robinson (56) 
McDowell et al. (67) 
McDowell £t al. (67) 
McDowell at al. (67) 
Kibler and Brody (52) 
Kibler and Brody (52) 
Kibler and Brody (52) 
Kibler and Brody (52) 
Kibler and Brody (52) 
Kibler and Brody (52) 
Kibler and Brody (52) 
Kibler and Brody (52) 
Kibler and Brody (52)
a Australian Illawara Shorthorn
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3. Direct Measurement from Skin
Direct measurement from the skin seems to be the most promising 
method for use in measuring cutaneous water loss with farm animals. 
Here the evaporative rate is measured by circulating a current of 
air through a cup sealed on a selected area of skin. The amount of 
moisture evaporated from the skin is calculated from the gain in 
weight of an absorbing solution which is connected to the cup through 
a closed-circuit (35, 65) or from the difference in the wet bulb 
temperatures of the air at the inlet and outlet of the cup (44, 53), 
Moisture from the shaved skin has also been collected from an in­
verted petri dish or a similar container containing certain anhydride 
substances (30, 37, 80, 81). As the observations are made directly 
from the skin, the repeatability of identical observations can be 
determined with greater accuracy. It is also possible by this method 
to determine the relative evaporative rates from different areas of 
the skin. However, the cup needs to be attached to the skin in an 
air-tight fashion. In doing this, precaution must be taken not to 
alter the physiology of skin in that localized area. The most 
important problem in this method is to ensure that the environment 
under the cup is maintained identical with the environment outside 
the cup. When anhydrides are used to absorb the skin moisture, skin 
is exposed to relatively dry air and this creates a vapor pressure 
gradient between the test area and the neighboring areas. The length 
of the hair influences the sweating rate and other thermo-regulatory 
physiological responses in cattle (9, 10, 27, 28, 80, 99, 111). Thus, 
clipping or shaving the hair to fix the "sweat cup" modifies the
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normal sweating rate. From the results of evaporative rates obtained 
from different areas of the skin, an idea can be formed about the 
general state of cutaneous evaporation. However, this method can 
give only an approximate estimate of the total amount of moisture 
vaporization from skin. The rate of vaporization obtained by the 
direct measurement from different localized areas of the skin is 
given in Table 3.
D. Sweating and Cutaneous Evaporation
With the increase in ambient temperature, an animal loses more 
and more of its body heat by vaporization of moisture from skin and 
respiratory passages. Several investigators (17, 35, 67, 108) have 
partitioned the evaporative heat loss in cattle from the two areas 
of the body. It is obvious from these studies that cutaneous evapor­
ation is the primary means of heat dissipation in cattle, particularly 
at high temperatures and when the humidity also is low. However, the 
role of bovine sweat glands as the source of moisture for surface 
evaporation still remains disputable. The evidence accumulated so 
far indicates that the sweat glands in cattle supply the major portion 
of skin moisture. The total cutaneous water loss, when cattle are 
exposed to hot conditions, is probably greater than that which can 
be explained by insensible perspiration alone (56, 92). Riek and 
Lee (82) have suggested that if cutaneous diffusion is assumed to 
remain relatively constant, an increase in evaporative rate with 
increase in heat stress can be ascribed to the sweat gland activity. 
Simultaneous histological study by Taneja (96) gives some indication 
that the skin areas with higher evaporative rates possess greater









<°F) (mm Hg) (g/m2/hr)
Zebu X Jersey 108 17 Shoulder 320 Ferguson and Dowling (30)
Ayrshire 108 17 Shoulder 160 Ferguson and Dowling> (30)
Zebu X Jersey 88 13 Shoulder 140 Ferguson and Dowling (30)
Jersey 105 34 Forechest 541 + 32 McDowell at al, (67)
Sindhi X Jersey 105 34 Forechest 602 + 39 McDowell jet al. (67)
Holstein 105 34 Forechest 360 McDowell £t al. (67)
Sindhi X Jersey 105 34 Trunk 420 McDowell _et al, (67)
Shorthorn 104 30 Shoulder 204 Taneja (93)
Zebu X Shorthorn 104 30 Shoulder 312 Taneja (93)
Shorthorn 104 30 Belly 216 Taneja (93)
Zebu X Shorthorn 104 30 Belly 222 Taneja (93)
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number of sweat glands. The presence of droplets around the 
openings of sweat gland ducts in cattle has been visually detected 
by Ferguson and Dowling (30). This was done by examining the skin 
under a stereo-microscope following an intradermal injection of 
adrenaline and also following an exposure to heat. As mentioned 
before, sweat on the surface has also been detected by the use of 
substances which change their colors by coming in contact with bovine 
sweat (21, 30, 50, 95). The drawbacks of this method have also been 
pointed out earlier. Another indirect approach in this regard has 
been the study of responses of animals after they have been treated 
with substances which are known to affect the sweat glands. McDowell 
and his co-workers (67, 68) introduced formaldehyde into cattle skin 
by a galvanic current. Formaldehyde, used in this iontophoresis 
technique is known to affect the sweat glands and not the normal 
diffusion process. This was confirmed by application of formaldehyde 
on rabbit skin which is devoid of sweat glands. The transudation 
capacity of rabbit skin remained unaffected. In case of cattle and 
sheep, a reduction in evaporation rate was noted from the treated 
areas of the skin. This would indicate that sweat glands in these 
ruminants are functional.
However, the sweating rate is not uniform over different regions 
of the body within the same animal (9, 35, 53, 54, 68, 93). In 
general, the ventral surface of the body has the lowest sweating rate. 
The sweating rates of the trunk, back and neck are higher than those 
of the legs and the ventral surface of the abdomen. The maximum 
sweating rate from the hump and the minimum from the navel flap have
2 2
been reported in American Brahman cattle by Kibler and Yeck (53) 
and in Indian Zebu cattle by Chowdhury and Sadhu (22),
E. Sweat Glands and Heat Tolerance
Sweating and panting are the two physiological mechanisms upon 
which the efficiency of thermoregulation of an animal rests in a 
hot environment. In animals, exposed to hot conditions, the relative 
importance of these two mechanisms differs from species to species. 
Rabbits have virtually no active sweat glands (61), neither do they 
pant effectively (45, 59); they are heat intolerant. Although dogs 
can sweat over the body surface under extreme local heating (5), they 
protect themselves against overheating almost entirely by the heat 
exchange through moist respiratory passages (41). Similarly in 
sheep, particularly young lambs, panting is of greater importance; 
and sweating, though of lesser importance, is useful in shorn animals 
(1, 2, 18, 19, 72, 81, 90). The same is true with swine in regard 
to their relative efficiency of moisture vaporization from lungs and 
skin (72), In the camel (87) and man (83), however, sweating is the 
principal method of evaporative cooling.
In cattle, sweating appears to be more important than panting. 
This is supported by the evidence available so far on the structure 
and function of the bovine sweat glands.
The sweat gland population is maximum in Zebu cattle, and in 
Zebu crosses it is intermediate between that of the tropical and 
temperate breeds (21, 23, 75). Among the European breeds, Jersey, 
known for their greater heat tolerance, has the highest number of
sweat glands. The gland density in different African breeds of 
cattle, has been found by Walker (106) to be correlated with their 
heat tolerance coefficients. A similar variation exists in the 
size of sweat glands. Nay and his co-workers (74, 75) concluded 
that when the animals are ranked according to their sweat gland volume, 
they fall into the same order as they would if they were ranked 
according to their known heat tolerance. Three distinct shapes of 
sweat glands have been recognized by Nay (73). The glands are 
tubular and coiled in the European breeds, large sausage like in 
Zebu and intermediate club-shaped in crossbreeds. Haytnan and Nay 
(42) studied the effects of season and exercise on sweat gland 
volume. Simultaneous observations on the sweating rate and gland 
size indicated that the sweat gland volume and activity were 
associated.
Walker (105) divides the perspiration process in two stages.
The first stage consists in the excretion of the fluid already 
reserved in the sweat gland. In the second stage, the empty glandular 
area is refilled. When animals of similar gland size are exposed to 
hot weather for a long time, differences in the sweating rate can 
be ascribed to their relative efficiency in the refilling rate.
However, to determine the significance of perspiration as a 
means of heat loss, more emphasis has to be placed on the func­
tional ability of the sweat glands rather than on their enumeration 
and histological structure.
Working with the indirect weighing method, Brody and his co­
workers (17) have shown that Zebu cattle vaporize at a lower rate
per unit of surface area than European cattle, perhaps because the 
former produce less heat. It must be realized that the animals were 
compared under uniform environmental stress and not under uniform 
physiological stress. It was also observed that up to an environ­
mental temperature of 80°F, Shorthorn heifers had a higher cutaneous 
evaporation rate than Santa Gertrudis or Brahman heifers. While the 
Shorthorns showed very little change above 30°F in their evaporative 
rate, the rate in Brahman increased with increasing temperature.
Taneja (92) and Knapp and Robinson (56) showed that at a constant 
vapor pressure of 30 mm Hg, the surface evaporation rate increased 
from 90 g/ra2/hr at 95°F to 139 g/m?/hr at 108.5°F in Zebu cross, from 
92 to 167 g/m^/hr in Shorthorn and from 172 to 198 g/m^/hr in Jersey. 
However, at a constant temperature of 104°F, the evaporative rate 
increased from 127 g/m2/hr at 20 mm Hg to 161 g/m^/hr at 40 mm Hg in 
Zebu cross, from 119 to 146 g/m^/hr in Shorthorn and 135 to 206 g/m^/hr 
in Jersey. In the crossbreds, surface vaporization increased with 
the rise in ambient temperature but skin temperature did not rise.
In case of Shorthorns, both cutaneous evaporation and skin temperature 
rose with the rise in air temperature. Both the crossbred and 
Shorthorn increased their evaporative rate with increasing age up to 
12 months but this response was greater in Shorthorns (55, 92).
When moisture was collected from selected areas of the skin, 
the average sweating rate in the shoulder area at 104°F and 29.5 mm Hg 
was 204 g/m^/hr in Shorthorn and 312 g/m^/hr in Zebu X Shorthorn (93). 
In the same area at 108°F and 18 mm Hg, Ayrshire and Zebu X Jersey 
sweated at the rate of 160 and 320 g/m^/hr respectively (30).
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Sweating rates recorded by McDowell and his associates (65, 67) are 
higher than those reported by earlier investigators. At 105°F and 
34 mm Hg, the sweating rate in the forechest area in Zebu X Jersey 
was about 625 g/m^/hr and in Jersey about 550 g/m^/hr. Allen (3) 
observed a linear relationship between skin temperature and sweating
rate with increase in air temperature. As skin temperature increased
o ofrom 90 to 100 F, the sweating rate increased from 50 to 173 g/m /hr
in Zebu, from 20 to 191 g/m^/hr in Jersey and from 25 to 172 g/m^/hr
to Zebu X Jersey. The sweating efficiency in these breeds was
compared under uniform physiological stress as indicated by their
skin temperature. Using rectal temperature as the index of stress,
Taneja (93) demonstrated a higher sweating rate of Zebu crossbreds
over the Shorthorns.
F. Summary of Literature Review
Some progress has been made in characterizing the different 
coat characters associated with greater heat dissipation in cattle. 
However, the literature available on the histology of skin itself 
is very scanty.
Histological evidences indicate that the bovine sweat glands 
are primarily apocrine in nature. Each gland is situated at the base 
of a hair follicle and is provided with poor blood vascular supply. 
The sweat glands, though apocrine in type, are functional and 
probably the ability to sweat has some relationship with the ability 
of the animals to withstand heat stress. As compared to the 
relatively heat intolerant breeds of cattle, heat tolerant breeds
26
possess a greater number of functioning sweat glands which are bigger 
in size and are located closer to the skin surface.
The rate of surface evaporation plays more important a part 
in heat regulation of cattle than the rate of vaporization of 
moisture from respiratory passages. Concurrent application of histo­
chemical and iontophoresis techniques indicates that bovine sweat 
glands are the primary source of moisture to the skin.
A majority of the experiments lacked precise methods of moisture 
collection from the skin under natural ambient conditions. Certain 
physiological traits have been used as the criterion of heat tolerance 
while studying the influence of sweating activities on the maintenance 
of thermal equilibrium. Little endeavour has been made to relate 
the sweating ability with the productive ability of an animal under 
the climatic stress. Most of the experiments were conducted for a
short term period. The animals were subjected to a short exposure 
of different degrees of hot climate. However, no experiments have 
so far been conducted to determine the sweating pattern of an animal 
under simulated summer conditions characterized by definite fluctua­
tions in ambient temperature and humidity.
III. EXPERIMENTAL MATERIALS AND METHODS
A. Animals
Ten virgin Holstein heifers ranging between 12 to 15 months of 
age were selected for this study. Their body weights ranged from 665 
to 876 lb. at the beginning of the experiment. A detailed descrip­
tion of the animals used in the experiment is given in Table 4.
The animals were initially made familiar with the experimental 
procedure by proper handling and care.










631 2021 11-26-61 857
633 2027 12-1-61 876
636 2023 12-21-61 786
637 2030 12-23-61 731
638 2022 1-16-62 707
641 2030 2-13-62 665
642 2027 2-24-62 823
643 2022 3-14-62 694
644 2024 3-15-62 709
647 2029 3-17-62 720
/ £—  Average o£ body weights on 
May 10, 1963.
3 consecutive days, beginning os
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B. Feeding
The animals were fed individually a ration to provide 120% 
Morrison's (71) standard for growing heifers based on their body 
weights. One-half of the concentrate was fed daily at 0700 hours 
along with the silage and the other half of the concentrate and alfalfa 
hay were fed at 1600 hours. The concentrate feed consisted of an 
18% crude protein pelleted grain and mineral mixture. Most of the 
silage was good quality corn silage. However, some sorghum silage 
was fed for a few days during the experiment. The concentrate (grain) 
was fed at the rate of 6 lb. daily per heifer. The rate of feeding 
of the alfalfa hay also was 6 lb, daily. Silage was fed ad libitum.
The average daily consumption of silage during the experiment ranged 
from 15 to 20 lb., the lower amount being consumed during the hot 
phases of the experiment. Salt and water were available ad libitum 
except during the time when observations were being taken. No feed 
was supplied to the animals while measures of the responses were being 
made on them.
The psychrometric chamber and the stanchion barn were bedded 
with bagasse daily. All heifers were washed and scrubbed each 
day.
C. Experimental Design
The experimental animals were randomly divided into two groups 
(A and B). The experiment was conducted in three phases as shown 
in Table 5.
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First A and B 10 Continuous exposure 
to cycled hot con­
ditions in the 
psychrometric 
chamberZi
May 10--July 8 
(1963)
Second A 5 Continuous exposure 
in the air-condi­
tioned chamber/^.
July 9--Sept. 18 
(1963)
B 5 Continuous exposure 
to the natural 
summer climated
July 9— Sept. 18 
(1963)
Third A and B 6 Intermittent exposure 
in the hot 
chamber/ft
Sept. 18--0ct. 10 
(1963)
Zi The schedule of cycled temperatures was as follows:
Vapor Pressure
Period Time (hours) DBT (°F) (mm Hg)____
I 0600 - 1000 85 22
II 1000 - 1600 96 29
III 1600 - 2200 85 22
IV 2200 - 0600 77 18
—  Air-conditioned refers to a DBT of 66°F and a WBT of 61°F.
/3-—  The animals were stanchioned under an open shed.
Ut The animals were stanchioned under the open shed. On the test




As shown in Table 5, during the first phase both groups of 
heifers were continuously exposed to cycled hot climatic conditions 
for a period of 60 days. Previous to their entrance to the chamber 
the animals were exposed to outside climatic conditions. The average 
outside maximum and minimum ambient temperatures for 30 days prior 
to the first phase were 85° and 59°F respectively.
The different responses of the heifers were measured during 
four different replications each at 96° and 85°F and during three 
replications at 77°F during the first phase. The first replication 
and measurements were begun 10 days after the exposure of the animals 
to cycled hot climatic conditions. Tests were conducted on 2 animals 
daily over a 5 day replication period. Measurements on each pair of 
animals were made at 96° and 85°F on the same day. The same procedures 
were followed during the second, third and fourth replications at 
these ambient temperatures. All of these replications were at 14- 
day intervals for each pair of animals.
Measures of responses were made also at 77°F during the cycled 
hot period as shown in Table 5. These measurements were taken during 
three replications which were at 14-day intervals. Each of these 
replications was during an alternate week with those at 96° and 85°F. 
Since summer climatic conditions were being simulated during this 
phase, the psychrometric chamber was dark at night when observations 
were being made at 77°F. A night light was used to illuminate the 




Observations at 66°F were made only on 5 animals which were 
inside the climatic chamber (Table 5). This was because of the 
restriction imposed by the sweat collection method used in this study.
To determine the sweating rate by the use of this system, it is 
necessary that the' apparatus be equilibrated under a particular set 
of climatic variables (65). Thus the sweating rate of the 5 animals 
outside the climatic chamber could not be determined. It will be 
noted in Table 5 that the psychrometric chamber was maintained 
continuously at 66°F and 12 mm Hg vapor pressure for a period of two 
months. Measures of responses were initiated 10 days after establishing 
these climatic conditions. Four replications at weekly intervals 
for each of the 5 animals were made during this phase.
3. Third Phase
Two months prior to this phase 5 of the 10 experimental animals 
were in the air-conditioned chamber adjusted to 66°F. The other 
animals were stanchioned outside exposed to the natural summer 
climate (Table 5). A hygro-thermograph installed near the stanchion 
barn recorded the outside temperature and relative humidity. The 
average maximum and minimum air temperatures for these two months 
were 93° and 69°F, respectively. For the same period, the maximum 
and minimum relative humidity of the air were 93% and 59% respectively. 
Throughout the third phase the animals were housed in the open stanchion 
barn except during the time measures of responses were being made 
in the chamber. The responses were measured during four replications
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at weekly Intervals. The 6 animals were brought in pairs into the hot 
climatic chamber (101°F and 29 mm Hg vapor pressure) and kept for a 
period of 5.7 hours and then returned to the outside stanchion barn. 
One member of each pair had been previously under air-conditioning, 
while the other member of the pair had been exposed to natural summer 
climatic conditions. The remaining 4 heifers were bred previously 
and were neither exposed to the heat stress nor used in this phase 
of the study.
Throughout the experiment, the animals while stanchioned in the 
psychrometric chamber were exposed to an air velocity of 0.5 ra.p.h.
The chamber was illuminated with electric lights from 0500 to 1900 
hours. The construction and facilities of the chamber have been 
described earlier by Guidry (39).
D. Measures of Responses
1. Cutaneous Evaporation
The rate of cutaneous evaporation (sweating) by the heifers 
was measured by the method outlined by McDowell et'al. (65) with a 
few modifications.
A Randolph Pump* (Model 500) was used in the measuring circuit. 
A flexible tube inserted in the pump is subjected to a squeezing 
action by a rotor. The material being pumped always remains within 
the tube.
The maintenance circuit was an exact replicate of the measuring 
circuit. Each capsule was connected with two glass test-tubes
*The Randolph Co., Houston, Texas.
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containing the absorbing solution and followed by a test-tube containing 
glass wool and a rotameter. In the measuring circuit a piece of glass 
tube, constricted in the center and containing glass wool, was connected 
to the rubber hose just before the latter joined the first input 
tube of the absorber. This served as a trap for any solid particle 
moving towards the absorber. The final input tube was provided 
with a fritted end. Figure 1 shows the entire apparatus used.
The midside of the animal was selected for moisture collection.
The center of the capsule was placed in the mid-point of a straight 
line connecting the hip joint and shoulder joint on the right side 
of the animal. This site was chosen because the animal could move 
freely without pulling off the capsule. However, the heifer was so 
tied that she could not turn her head back to reach the capsule or 
the connecting hoses. Besides, it has been reported that the midside 
possesses an average sweat gland population. The site was also easy 
to work with.
In preparing the skin site for fixing the capsule, the hair 
under the center of the capsule was also clipped daily with a large 
cow clipper to a standard length of approximately 0.3 cm. The animal 
was groomed. The site was cleaned with soap, rinsed with water and 
finally dried with paper towels. Three thin successive layers of 
the glue (Pliobond) were applied both on the closely clipped skin 
site and also on the flange of the capsule with an interval of 10 
minutes between two applications. Ten minutes after the third 
application, the capsule was held firmly in position for 5 minutes.
The rubber hoses adjacent to the capsule were harnessed around 
the body girth by means of a string. This prevented the capsule from
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Figure 1, Complete sweating apparatus
Figure 2. Sweating apparatus attached to the experimental animals.
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being pulled out when the remainder of the hoses was in tension.
The length of the hose from the first input to the final output tube 
of the absorber was 12 meters. The long hoses were carried from the 
capsule to the absorber above three overhead supporting bars. This 
allowed freedom of movement to the animals with little pressure being 
exerted to the working assembly. During the collection of cutaneous 
moisture, the capsule was replaced by the glass tube without physi­
cally disturbing the animal. This was done by manipulating the hose 
at its length of about 7 meters away from the capsule.
To record the water loss under a particular capsule, the air­
flow through that capsule was stopped by the use of a screw-clamp.
The clamp was turned down to press on the appropriate hoses to 
obliterate their inner passage. The time was noted by a stop watch. 
The capsule, disconnected from the maintenance circuit, was now 
connected to the measuring circuit. A piece of glass tube took the 
place of the capsule in the maintenance circuit and the pressure by
the screw-clamp was released. After 15 minutes, the pump in the
measuring circuit was stopped and the capsule was connected back to 
the maintenance circuit. The absorber was accurately weighed using
an analytical balance. Figure 2 shows the experimental animals with 
the apparatus attached for measuring cutaneous evaporation rate.
At the end of the observations, the capsule was removed from 
the skin every day. This was done by putting gentle pressure 
along the edge of the attached capsule with the help of a blunt 
object. Later a layer of lanolin was applied on the glued skin 
area (93).
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The observations on sweating rate were made after running the 
measuring and maintenance circuits for two hours to equilibrate them 
under a particular set of temperature conditions. Four observations 
from each capsule alternating between the two animals were made on 
every test day in the first and second phases. During the third 
phase the animals entered the hot chamber with the capsules already 
glued to the skin. Ten observations were made on two animals 
alternately.
2. Rectal Temperature
The rectal temperature was recorded by a clinical thermometer 
at one hour intervals during the sweat collection period in the first 
and second phases. In the third phase, body temperature was recorded 
every 15 minutes along with the sweating rate measurement.
3. Respiration Rate
Respiration rate was counted from the flank movements of the 
animal for a period of one minute following each rectal temperature 
measurement.
4. Skin Temperature
Skin temperature was obtained by the use of a 25 gauze copper- 
constantan thermo-couple. The thermo-junction was attached to the 
skin near the capsule at the base of the hairs with a small blob of 
pliobond (7). The other end of the two wires were connected to a 
continuous recording potentiometer.
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5 . Metabolic Heat Production.
Metabolic heat production was estimated by the indirect calori­
metry method (16). The actual procedure employed has been described 
earlier in detail by Guidry (39). Respiratory volume for estimating 
the heat production and respiratory vaporization was recorded at the 
end of the sweat collection periqd.
6. Respiratory Vaporization
The rate of vaporization from the respiratory tract was calcu­
lated by the method given by McDowell ej: al. (67).
7. Surface Area
The surface area of the animals was measured by a surface 
integrator (64). The measurements were taken once from each animal 
at the middle of the experiment.
8. Sweat Gland Population
The population of the sweat glands was counted from the number 
of hair follicles after all the above observations were completed.
One skin biopsy sample from the capsule fite was obtained from each 
animal for this purpose. The biopsy punch was made of stainless 
steel. It was 10.7 cm long and its sharp cutting end had an internal 
diameter of 0.7 cm.
The operation site was closely clipped and sterilized with 
10% solution of "Roccal" (Winthrop Lab., N.Y.) The area was anes­
thetized by infecting a 10 ml of 3% procaine around the site. The 
punch was held evenly on the skin and the dermis was cut through by
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pressing the punch firmly with a twisting motion. The specimen was 
put immediately in a 10% formol-saline fixative.
All the specimens were passed through an automatic "Technicon" 


























Each specimen was then embedded individually in the usual way 
(20). Paraffin flocks were sectioned at 6yu thickness and stained 
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% - 1 hour (covered in dark)
2 changes (3 minutes each) 
rinse for 10 minutes
3-4 dips
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Counting was done on a random sample of 10 fields from each 
skin section, each field representing an area of 0.11 The
counts were finally corrected for the shrinkage of the skin due to 
the above processing of the tissue.
9. Body Weights
The heifers were weighed at two-week intervals through the 
experiment. These weights were taken in the afternoon before the 
animals were fed. The experimental animals were also weighed on 
every test day to adjust for the palculations of heat production.
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E. Statistical Analyses
All statistical analyses were performed according to methods 
outlined by Snedecor (89). The components of the analyses of variance 
are given in Appendix Tables 1-16. Since measurements of sweating 
rate and other responses were repeated three times at 77°F and four 
times at both 85° and 96°F, the unequal numbers of observations under 
different ambient temperatures were adjusted for by conducting two 
separate analyses of variance. One analysis included the data obtained 
under all three temperatures, considering only first three replica­
tions. The other analysis included the data obtained under 85° and 
96°F with all four replications. The comparison of these two sets 
of analyses should indicate whether or not an additional replication 
at higher temperatures, associated with greater metabolic activities, 
altered the results obtained.
IV. RESULTS AND DISCUSSION
As mentioned previously the investigation was carried out in 
three different phases. The purpose of the first phase was to study 
the sweating activities of Holstein heifers under local simulated
summer conditions. The second phase was designed to determine the
/
basal rate of cutaneous evaporation under thermoneutral conditions. 
The third phase was designed to study the immediate response in 
sweating rate upon short exposure to hot conditions. This phase was 
also expected to provide information about the effect of previous 
acclimatization status of the animal on its sweating response when 
exposed to a hot climate. In all the phases, other responses were 
also measured to obtain a better understanding of the different 
physiological processes involved in thermal balance of the animals.
The results and discussion of the three phases of the experi­
ment are presented separately in the following sections.
A. First Phase
The average values of the physiological responses obtained 
under different ambient temperatures are shown in Table 6. The 
results of the second phase of the experiment are also included in 
this table for comparative purposes.
1. Sweating Rate
It will be noted from Table 6 that the sweating rate of the 
animals was elevated with increase in ambient temperatures. For
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TABLE 6. Average values for sweating rate, rectal temperature, respiration rate, skin temperature, 
heat production and respiratory vaporization at different ambient temperatures during 
















<°F) (mg/10cm^/15 min) (°F) (counts/min) (°F) (Kcal/BW*72/hr) (g/hr)
First 96 52.5 104.6 127 99.2 4.06 240.8
85 34.7 103.3 92 94.9 3.70 192.4
77 26.8 102.4 72 91.7 3.53 188.0
Second 66 21.5 101.6 23 89.3 3.06 130.8
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9example, the sweating rate in mg/10cm /15 minutes increased from 26.8 
at 77°F to 52.5 at 96°F. The data when converted to g/m^ir represent 
an average sweating rate of 107, 139 and 210 at 77°, 85° and 96°F, 
respectively. Similar rise in sweating rates of different breeds of 
dairy and beef cattle with increasing environmental temperature have 
been reported by several investigators (3, 52, 67, 84, 93). However, 
these data were obtained under cycled hot conditions over a period of 
two months. It is difficult to make a valid comparison of these 
results with those of other workers (3, 65, 67, 93) where sweat 
collection by direct method was done by exposing the animals for a 
short period at constant ambient temperatures. However, all of these 
previous experiments as well as the present study yielded sweating 
rate measurements higher than those obtained by the indirect method 
(Table 2). Using the indirect weighing method Kibler and Brody (52) 
obtained sweating rates in Holstein cows as 134, 151 and 118 
g/m^/hr at 76°, 86° and 95°F, respectively. With the same technique, 
McDowell £t al. (67) reported the average sweating rates in Holstein 
cows of 69 and 101 g/m^/hr at 86° and 95°F, respectively. The cor­
relation coefficient between sweating rate and ambient temperature
was reported to be 0.72 and was highly significant (P ^0.01). 
McDowell jit al. (67) also reported a significant within-cow correla­
tion between surface evaporation and air temperature. Dry bulb
temperature and relative humidity accounted for 60% of the variation 
in surface evaporation within cows.
Marked rise in sweating rate occurred in the present experiment
at 77°F (Table 6). Sharp rise in evaporative heat loss at 25°C (77°F)
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has also been reported by McLean (70) in Ayrshire calves. The rise 
in sweating rate corresponded with a rectal temperature of 102.4°F 
and a skin temperature of 91.7°F (Table 6). Kibler et al (53) 
observed a pronounced rise in skin vaporization rate in calves of 
Shorthorn, Brahman and Santa Gertrudis breeds at an average rectal 
temperature of 101.8°F. In Zebu-Hereford crossbred calves a skin 
temperature of 96°F was reported to be the threshold for sweating 
activities (55). Allen (3) reported a linear increase in sweating 
rate beginning with the skin temperature at 90°F in Jersey heifers 
while Zebu heifers did not increase sweating until their skin tem­
perature reached 94°F.
The analysis of variance of sweating rate (Appendix Table 1) 
showed that the differences in sweating rates at different ambient 
temperatures were statistically significant (P^0.05). Among animal 
differences in sweating rates were also significant. These differences 
became highly significant (P ^0.01) when only the two higher temper­
atures were considered for analysis (Appendix Table 2), This might 
have been due to the greater sweating activities associated with 
high ambient temperatures. McDowell at al, (67) reported a highly 
significant difference between cows within breed in sweating rate of 
Jerseys and Sindhi-Jersey crossbred cows at 105°F but breed differences 
were not significant. Highly significant variation among Holstein- 
Syrian crossbred cows has also been reported by Berman (9),
It will also be noted from Appendix Tables 2 and 3 that the 
sweating rates in different replications were significant when only 
the two high temperatures were considered. This was due to a consistent
decrease in sweating rates in the subsequent replications at higher 
temperatures (Table 7). It will be evident from Table 7 that the 
sweating rate in the fourth replication was about half of that for 
the first period. The reason for this progressive decline cannot 
be explained satisfactorily. It did not appear to be associated with 
changes due to acclimatization to a hot environment. Available liter­
ature (3, 57, 108) as well as the results of the third phase of the 
current experiment (Table 13) would indicate that thermal adaptation 
increases sweating. The lowest values obtained qt high air temper­
atures approached very close to the average values obtained at lower 
air temperatures (Table 7). The changes in sweating rate was also 
accompanied by a corresponding lack of changes in other responses 
measured. On the other hand, fatigue of sweat glands on prolonged 
exposure to heat In man has been reported (57). Randall (79) also 
observed in man a periodicity of active and inactive phases by a 
group of sweat glands in a small circumscribed area. It needs to be 
determined whether or not these phenomena involve all the glands 
covered by the capsule. It also needs to be ascertained whether or 
not this depression of sweat gland activity is due to probably ischemia 
or other local changes associated with the air-tight sealing of the 
capsule on the skin.
2. Rectal Temperature
Rectal temperatures of animals increased with increasing 
environmental temperatures as shown in Table 6. The average rectal 
temperature was 102.4°F at 77°F, and it rose to 104.6°F at 96°F.
The differences in rectal temperatures at different ambient temperatures
TABLE 7. Average values for sweating rate, rectal temperature, respiration rate, skin temper­
ature, heat production, and respiratory vaporization in different replications at 
















<°F) (mg/10cm^/15min) (°F) (counts/min) (°F) (Kcal/BW*72/hr) (g/hr)
First 96 1 70.2 104.3 131 99.1 4.30 252.8
2 60.4 104.1 123 99.2 4.02 240.0
3 42.0 105.1 128 99.2 4.01 227.2
4 37.1 104.9 126 99.2 3.90 242.4
85 1 48.8 103.1 86 95.0 3.54 180.4
2 33.3 102.7 82 95.5 3.64 188.4
3 30.3 103.9 98 94.6 4.00 207.6
4 26.3 103.6 97 94.8 3.63 192.8
77 1 27.1 102.4 71 91.7 3.58 192.0
2 29.2 102.4 76 92.0 3.61 190.0
3 23.9 102.3 69 91.5 3.35 182.0
Second 66 1 21.1 101.6 23 88.3 --- ---
2 25.3 101.5 21 88.7 --- ---
3 20.0 101.7 22 89.7 ---
4 19.4 101.6 24 90.2 3.06 130.8
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were highly significant (P 0.01) as shown in Appendix Tables 3 
and 4. Similar rise in rectal temperature of different breeds of 
cattle with increasing air temperature has also been reported by 
several investigators (6, 12, 84). The differences between the 
rectal temperature and the air temperature decreased with increasing 
air temperature. At air temperatures of 77°, 85° and 96°F, these 
differences were 25.4°, 18.3° and 8.6°F, respectively. The decrease 
in temperature gradient between the body and the environment results 
in reduction in heat loss by non-evapprative processes with con­
sequent rise in evaporative cooling. Similar decline in temperature 
gradient with rising environmental temperature has also been reported 
by Worstell and Brody (109) in both European and Indian cattle.
It will be noted from Appendix Tables 3 and 4 that the differences 
among animals in rectal temperature were also significant. The 
differences among replications were significant only at high ambient 
temperatures. These results also indicate that the increase in 
rectal temperature was accompanied by increase in sweating rate.
This is evident from Table 8 which shows a highly significant within- 
animal correlation between rectal temperature and sweating rate 
(r s 0.554). A direct relationship between the sweating rate and 
rectal temperature has been observed in different species of animals
(107). As shown in Table 8, an inverse relationship among animals 
was obtained between sweating rate and rectal temperature. This is 
logical because animals producing more sweat are better equipped to 
keep their body cool. This is reflected by a lower body temperature. 
However, the magnitude of the correlation coefficient (r = - 0.098)
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was very small and statistically insignificant. One probable reason 
for this is that the sweating rate of the area under the capsule 
might not be a true representative of the sweating rate from entire 
outer surface of the animal, thus influencing other physiological 
responses of the body core,
TABLE 8. Correlation coefficients between sweating rates and other 















Between animals 8 -0.098 -0.326 0.164 0.170 0.087
Within animals 79 0.554**■ 0,624** 0.650**0.433** 0.507**
Statistically significant at 1% level of probability.
3. Respiration rate
The rise in respiration rate with increasing air temperature 
was very pronounced and of greater magnitude than other responses 
measured in the experiment as shown in Table 6. The mean respiratory 
rates per minute were 72, 92 and 127 at 77°, 85° and 96°F, respectively. 
Similar rise in respiration rates of cattle with increasing air 
temperature has been reported by Klemm and Robinson (84). Bianca 
(12) reported respiration rates of 94, 105, 129 per minute at 30°C 
(86°F), 35°C (95°F) and 40°C (102°F), respectively. The rise in 
respiratory reactions is one of the first visible responses cattle 
make to increasing environmental temperature (49). This is regarded 
as one of the primary mechanisms for the maintenance of heat balance
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In most animals (62). Findlay (34) has pointed out that an increase 
in respiratory rate is usually associated with a small increase in 
respiratory ventilation but the latter is limited by a reduction in 
tidal volume. The thermo-regulatory ipiportance of rise in respiratory 
rate has thus to be determined in this context. It will be seen in 
Appendix Tables 5 and 6 that respiration rate showed considerable 
variation not only with temperatures but also among animals and among 
replications. These differences were statistically significant.
However, the maximum variance was due to differences in ambient 
temperature which was highly significant ( P ^ O . O l ) .  Data in Table 
8 would also indicate that the rise in respiration rate was accompanied 
by a rise in sweating rate and the degree of association (r = 0.624) 
was highly significant ( P ^ O . O l )  within animals. An inverse relation­
ship among animals between sweating rate and respiration rate was 
obtained. The correlation coefficient (r = -0.326) was not significant. 
Sweating rate and respiration rate seem to be complimentary because 
the thermal stimulus for both sweating and panting in cattle occurs 
at the skin (13). The among animal correlation coefficient between 
respiration rate and rectal temperature was 0.184. This was not 
statistically significant. McDowell jet a].. (63) also reported non­
significant correlation coefficients between respiration rate and 
rectal temperature of 0.207 in Jersey and 0.339 in Sindhi-Jersey 
crosses.
4. Skin Temperature
The rise in skin temperature with an increase in environmental 
temperature will be noted from Table 6. These changes were highly
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significant (P ̂ 0.01) as shown in Appendix Tables 7 and 8. In 
accordance with the physical laws, non-evaporative heat loss varies 
with the difference between air and skin temperatures. These dif­
ferences became smaller with increasing ait temperatures. The values
o o o o o owere 15 , 10 and 3 F at air temperatures of 77 , 85 and 96 F,
respectively. The changes in temperature gradient between skin
temperature and rectal temperature also reflect changes in conductivity
of peripheral tissues. This gradient also decreased with increasing
air temperatures. The values at 77°, 85° and 96°F were 10.7°,
8.4° and 5.4°, respectively. Similar decline in temperature gradient
between the skin and rectum has also been reported by Worstell and
Brody (109) and McLean (70). Data in Table 8 would indicate that
the sweating rate of the heifers increased with increase in skin
temperature and this association (r = 0.650) was highly significant
(P ^0.01) within animals. Also, it will be apparent that the
degree of association of sweating rate with skin temperature was
greater than with rectal temperature. A closer association between
skin temperature and sweating rate was also reported by Taneja (93)
in Shorthorn cattle. This is obvious because the relationship of
cutaneous evaporation with skin temperature is more direct and
immediate (50). However, animals evaporating more sweat should have
lower surface temperature than those characterized by lower sweating
rates. The among animal correlation (r = 0.164) obtained in this
experiment was positive and non-significant. Kibler et al. (53)
also failed to demonstrate an inverse relationship between the skin
vaporization and skin temperature in beef calves. It was contended
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that the evaporative water loss was not sufficient enough to prevent 
a rise in skin temperature. Alternatively other physiological factors 
affecting thermal balance might have masked the effect of cutaneous 
vaporization on skin temperature. It must be remembered that the 
temperature of the skin was recorded in this experiment by placing 
the thermocouple end in an area near the capsule site. This was 
done because no arrangements could be made to insure that the sensi­
tive end of the thermocouple should always remain in contact with the 
skin area where the capsule was fixed. This was necessary otherwise 
the thermo-junction would be measuring the temperature of the air 
under the capsule rather than the temperature of the covered skin.
5. Metabolic Heat Production
Table 6 reveals that the estimated metabolic heat production
increased slightly with rising ambient temperature. However, the
differences in heat production at different ambient temperatures
were not significant (Appendix Tables 9 and 10). Thompson _et al.
(97) also did not observe any significant difference in heat production
oin Holstein heifers over a temperature range of 65 to 95 F. Findlay
(35) reported a uniform rate of heat production in Ayrshire calves
over the air temperature range of 15°C (60°F) to 40°C (102°F).
However, Brody (17) reported a decrease in metabolic heat production
o oin dairy cows above environmental temperatures of 70 to 80 F. This 
was due to decrease in both milk production and feed consumption.
None of these two factors seemed to have affected the experimental 
heifers in the present study. The heifers were not lactating. No 
feed or water was provided to the animals when measures of responses
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were being taken on the test day. The animals were deprived of feed 
and water at least two hours prior to the commencement of experiment. 
Thus, the feeding regime of the animals was kept uniform at all 
ambient temperatures. However, there was a significant difference 
among animals in heat production. As expected and as shown in Table 
8, heat production was directly associated with sweating rate both among 
and within animals (r = 0.170 and 0.433). Only the latter was highly 
significant (P<0.01).
6. Respiratory Vaporization
Table 6 shows a concomitant change in respiratory vaporization 
with changes in ambient temperature. These changes were statistically 
significant (P <0.01) (Appendix Table 11). Kibler £t al. (53) also 
reported significant increase in respiratory vaporization in cattle 
with rising air temperature. The differences among animals in 
respiratory vaporization was not significant when only air tempera­
tures 85° and 96°F were considered (Appendix Table 12). However, the 
analysis including all three temperatures showed a highly signifi­
cant differences among animals (P<0.01), Besides, the variation 
due to interaction of animals with temperatures and with periods 
were also significant. There was a direct relationship between 
respiratory vaporization and sweating both among and within
animals (r = 0.087 and 0.507) as shown in Table 8. However, only 
the latter correlation was highly significant (P^O.Ol).
The measured sweating rate under the capsules was converted to 
the total sweating rate of the animal by taking surface area of the 
individual animals into consideration. This was expressed in g/hr
units. The sweating rates in g/hr were 428, 555, 839 at 77°, 85° and 
and 96°F. The respiratory vaporization rates at corresponding 
temperatures were 188, 192 and 241 g/hr (Table 6). Heat loss 
associated with water evaporated from skin and respiratory passages 
was calculated assuming latent heat of evaporation of 1 g. of sweat 
to be 0.58 kcal (30). Finally, these evaporative heat losses were 
expressed in terms of percentage of heat productions at different 
ambient temperatures. The data for these are shown in Table 9 and 
also in Figure 3. It will be noted that the percentage pf heat loss 
accounted for by cutaneous evaporation was much greater than that 
explained by respiratory vaporization. These results are in agree­
ment with previous findings in which it was concluded that cutaneous 
evaporative heat loss in cattle is more important than that by 
respiratory vaporization (17, 35, 67, 108). The relation between 
non-evaporative heat loss and air temperature was approximately 
reverse of that between evaporative heat loss and air temperature.
It should be pointed out here that the total evaporative 
heat loss at 96°F was 129% of the total heat produced (Table 9).
This means, according to these data, that the heat loss by the 
animals was greater than the metabolic heat produced at 96°F. This 
anomalous situation might be explained by the assumption that the 
sweating rate of the skin area under the capsule was greater than 
the average sweating rate of the entire outer surface. Secondly, it 
is also evident from Table 9 that 85% and 97% of the heat produced by 
the animals was eliminated by evaporating water from the two routes 



































AMBIENT TEMPERATURE (*F )
Figure 3. The percentages of total heat loss by respiratory and
cutaneous evaporation and by non-evaporative means during 
first and second phases.
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expected under these circumstances,that the animals would be able to 
alleviate this heat discomfort and keep themselves cool. This would 
be reflected by a conspicuous lowering of body temperature.
TABLE 9. Per cent heat loss by the evaporative and non-evaporative 
processes during first and second phases.
66°F 77°F 85°F 96°F
Respiratory vaporization 18.0 25.8 24.9 28.7
Cutaneous evaporation 47.4 58.7 72.5 100.0
Total evaporation 65.4 84.5 97.4 128.7
Non-evaporation 34.6 15.5 2.6 -28.7
As discussed earlier, a statistically significant inverse relation­
ship between cutaneous water loss and body temperature could not be 
established in this experiment. The next obvious query then is whether 
or not the skin area attached to the capsule and the measuring 
circuit of the sweating apparatus is yielding a higher sweating rate 
than it would otherwise yield when not attached to the system of the 
apparatus. Very recently, McLean (69) has pointed out that the 
sweating rates reported by investigators working with the capsule 
technique have always been greater than those obtained by the in­
direct weighing method (Tables 2 and 3). This has been true even 
when the capsules were fixed in different areas of the skin and their 
mean values were considered. In these experiments using the direct 
method of measuring sweating rate, heat production was not measured 
(3, 30, 65, 67, 93). This might be a good reason why this fact was
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overlooked. Simultaneous measurement of heat production in this 
experiment, therefore, substantiates the criticism made by McLean 
(69). Kibler et al. (53) Observed that at a dry bulb temperature 
of 105°F, some animals lost more heat by evaporation than they 
produced. It was argued that these animals were dissipating not only
their own body heat but also some heat gained from the environment.
j
Ferguson and Dowling (30) collected sweat by inverting petri-dish on 
a localized skin area. They admitted that the heat of sweat evapor­
ation was considerably greater than the heat production of the animal. 
However, the sweat in this experiment was collected by gauzes impreg­
nated with calcium chloride. It has already been criticized in the 
section on review of literature that calcium chloride, being an 
anhydrous substance, will pick up greater amount of cutaneous mois­
ture making the surrounding area abnormally dry. This drawback was 
taken care of in this experiment (65). Taking these facts into 
consideration, McLean (69) stated that the rate of air flow through 
the capsule has not been determined satisfactorily. Although, the 
rate was so determined that all the sweat collected on the skin should 
be brought to the absorber, adequate care was not taken to insure 
that the environment both inside and outside the capsule are other- 
wise identical. McLean (69) conducted several trials with'different. 
rates of air-flow and a rate of 1.93 liters per minute through capsule 
7.3 cm in diameter and 6 cm in depth was finally selected. This 
resulted in lower sweating rates obtained under the capsule and these 




2The mean surface area of the heifers was 4.02 + 0.14 m . The 
correlation coefficients between the surface area of the animals 
was calculated, taking the overall sweating rates at three different 
temperatures into consideration. A negative correlation coefficient 
(r = -0.278) as presented in Table 10 was obtained. The correlation 
coefficients between the surface area and the sweating rate were also 
calculated for three temperatures separately. The coefficients were 
-0.291, -0.421 and 0.076 at 96°, 85° and 77°F, respectively. The 
inverse relationship between surface area and sweating rate would 
probably indicate that animals with smaller outer surface compensate 
by more sweating per unit area of the skin. It will be observed 
that the correlation coefficient was positive and of very small 
magnitude when sweating rate at 77°F was considered. This might be 
due to lesser sweating activities at low air temperature. However,, 
none of these coefficients were statistically significant. This might 
be due to the small number of observations involved in calculating 
the correlation coefficients.
8. Sweat Gland Population
It has already been established that in cattle the number of 
sweat glands is equal to the number of hair follicles. However, it 
has been pointed out that counting the hair follicles on outer skin 
surface might give inaccurate results (21). This is because the 
different hair follicles at a particular time are in different 
stages of development so that only those follicles would be counted
which have exposed themselves on the outermost surface of the epidermis. 
Thus, the sweat gland population in this $tudy was determined by 
counting the number of hair follicles from histological preparations 
of skin tissues. Transverse sections were made of biopsy specimens 
obtained from the capsule site. The sections were stained by 
standard periodic acid Schiff technique. An average correction 
factor of 0.39 was obtained for skin shrinkage. Carter and Dowling 
(21) reported a correction factor of 0.45 for shrinkage of cattle 
skin. Pan (77) observed a variation of 11 to 40% in Sahiwals and 
22 to 53% in Jerseys in "skin shrinkage" (area of mounted section 
expressed as percentage of original area of the biopsy specimen).
The processing methods of the specimens of these authors were dif­
ferent than that used in the current experiment. Pan (77) ascribed 
the variation in skin shrinkage to skin tension associated with 
particular anatomical features and body conditions.
The average number of sweat glands per cm^ of skin, corrected 
for the shrinkage, was 991 + 89. These data are in good agreement 
with those reported by Nay and Hayman (76, 76) but somewhat higher 
than those obtained by Carter and Dowling (21) in Friesian cattle. 
However, the sampling site of both groups of Australian workers (21,
75, 76) was identical and was a few centimeters removed from the 
working site in this experiment. Sweat gland density in different 
breeds of cattle as reported by earlier investigators have been 
presented in Table 1. It would appear that the number of sweat 
glands reported in Zebu cattle is higher than in Holstein cattle. 
However, no difference in sweat gland population between Holstein 
and Jersey breeds was evident.
59
Positive correlations between sweat gland population and the 
sweating rate were obtained (Table 10). The correlation coefficients 
between sweat gland populations and the sweating rates at 77°, 85° 
and 96°P and over all temperatures were 0.376, 0.402, 0.454 and 0.471, 
respectively. These would indicate that animals possessing greater 
number of sweat glands sweat more. However, none of these coefficients 
were statistically significant. This might be due to the small 
number of observations involved in calculating the coefficients.
Taneja (96) demonstrated that the sweat gland population in the 
shoulder area of Zebu crosses was greater than that in Shorthorn 
and so also the sweating rate in this area was higher in Zebu crosses 
than in Shorthorn. However, no statistical analysis of the data was 
presented to support this relationship. Allen _e£ al. (4) concluded 
from their work that the sweat gland population densities between two 
Jerseys were in accord with the difference between the animals in 
sweating rate. This accord lacked in case of two Zebus. No statistical 
treatment of the data was presented.
TABLE 10. Correlation coefficients between sweating rate and surface 
area and between sweating rate and sweat gland population 
during first phase.
Degrees of
freedom Surface Sweat gland
Sweating rate_________________(n-2)______________ area__________population
96°F 8 -0.291 0.454
85°F 8 -0.421 0.402
77°F 8 0.076 0.376
Overall 8 -0.278 0.471
60
9. Body Weights
Weekly body weight changes of the animals are presented in 
Table 11.
TABLE 11. Average daily body weight changes of the heifers on a 
weekly basis.during first phase










The average daily gain in body weight of the heifers during this 
phase was 0.92 + 0.79 lb. The large standard deviation in body 
weight gain was due to the initial loss in body weight under hot 
conditions. During the first 21 days of heat exposure the animals 
lost on an average 0.18 lb. per day. During the Remaining 35 days 
the average gain in body weight of the animals was 1.58 lb. per day. 
Johnston et a^. (47) also reported a decline in average daily gain 
of Jersey, Holstein and Red Sindhi-Holstein heifers during the first
20 days of exposure to hot conditions (75° to 95°F), and the animals 
recovered during the second 20 days. The recovery in the productive 
function during the latter part of heat exposure appears to be 
associated with adaptive mechanisms (productive adaptability) of the 
body. However, this could not be explained by other physiological 
functions studied, since these responses, except for the sweating 
rate, remained elevated throughout this phase of the experiment 
(Table 7) . Kibler _et aJL. (51) proposed that the upward displacement 
of these responses which remain stable under long continued exposure 
to a hot climate probably constitutes one form of thermal adaptation. 
High body temperature increases the temperature gradient between the 
animal and the environment and thus aids in increased heat dissipa­
tion which in turn permits greater metabolic activity and growth. 
Johnston (46) in his review of the effects of high temperature on 
milk production concluded that more research needs to be done to 
determine whether animals showing the highest body temperatures may 
not be the most productive. This is important because high levels 
of production necessarily involve high metabolic heat production. 
Productive adaptability rather than the physiological adaptability is 
the primary problem in climatplogical research. Measurement of 
sweating rates at 96° and 85°F were made on the same day and followed 
through that week. This was alternated with measurements at 77°F 
during the next week. Thus, correlation between sweating rate and 
daily gain in body weight could be calculated only on an overall 
basis. A significant (P ^0.05) correlation coefficient (r * 0.645) 
was obtained between the sweating rate and daily gain in body weight
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of the aninals. Previous investigations on sweating activities of 
the animals were carried out only on a short time expospre basis.
In this experiment, however, the animals were under simulated summer 
conditions for two months (Table 5 - first phase). Their sweating 
rates were measured throughout this period. It was, therefore, 
decfded to calculate the relationship between sweating rate and body 
weight gain. Blanca (11, 12) concluded from his research that high 
heat tolerance goes hand in hand with a high gain in body weight.
In a heat tolerant animal, heat exposure does not depress the processes 
which are in control of body growth. Thus, the data in the current 
study indicate that heat tolerant animals are also characterized 
by higher sweating rate.
B. Second Phase
The mean values of sweating rate and other responses measured 
during the second phase are shown in Table 6. The data in Table 7 
represent the average values obtained in different replications.
The average sweating rate at 66°F was 21.5 mg/lOcm^/lS min or 36 
g/m /hr. With the indirect weighing method Kibler and Brody (52) 
reported a sweating rate of 74 g/m^/hr at 64°F in Jersey cows. With 
the same technique, Weldy and McDowell (108) obtained a sweating 
rate of 69 g/m^/hr at 70°F in Holstein cows. Thus, at low air 
temperature of 66°F also the rate of cutaneous evaporation obtained 
by the direct capsule method was higher than that reported by the 
indirect weighing method.
The average body weight gain of the 5 heifers during this 
phase was 2.29 + 0,52 lb, per day. It would be apparent from the
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results reported earlier (Table 11) that the daily gain in body 
weight of the animals was considerably lower under cyclic hot 
conditions (first phase) than under cool conditions (second phase).
Analysis of variance (Appendix Table 13) of the sweating rate 
data for the second phase show a highly significant difference (P<^0.01) 
ampng animals in sweating rate. The difference between replications 
or periods was also significant. This may have been due to the low 
magnitude of the data involved and also due to the inconsistency of 
animals in sweating rate over different replications as reflected by 
a highly significant difference for the interaction between replica­
tions and animals.
Analysis of variance of other responses (Appendix Tables 14-16) 
do not show any significant difference among animals or among 
replications except for the respiration rate which showed a highly 
significant difference (P ̂ 0.01) among animals. Dukes (29) states 
that the respiratory frequency is subject to numerous variations.
McDowell ejt al. (66) reported that the repeatability rates for 
respiratory responses were very low even when the animals were housed 
inside the controlled climatic chamber. Beakley and Findlay (8) 
concluded that because of its variability respiratory rate would 
be a poor index of heat tolerance. McDowell at _al. (62, 63) remarked 
that the respiratory volume would be a better index of heat tolerance.
It can be mentioned here that the respiratory volume was utilized 
in this study to calculate both the heat production and respiratory 
vaporization.
The correlations between sweating rate and other responses were
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calculated in spite of the fact that small number of observations 
were involved and the sweating activities were minimum at this low 
temperature. The correlation coefficients between the sweating 
rate and rectal temperature was -0.406, between sweating rate and 
respiration rate -0.075. and between sweating rate and skin tempera­
ture -0,061. The coefficients were not statistically significant.
Data on heat production and respiratory vaporization are presented 
only for the period of fourth replication (Table 7). This was because 
earlier, the mask of the open-circuit respiratory apparatus was 




The temperature of the climatic chamber was not elevated with 
animals already stanchioned inside. The animals were brought in 
the chamber where a hot climate was already established. This 
involved some exercise on the part of the animals when they entered 
the chamber. This might have influenced to some extent the initial 
response of animals to heat exposure.
a. Sweating Rate. The average values of sweating rate and 
other responses for all animals in relation to the time of exposure 
in the hot chamber (101°F, 29 mm Hg vapor pressure) are shown in 
Table 12. These data are also presented graphically in Figure 4. 
Within about three minutes of the entry of the first animal inside 
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Figure 4. Time trends in sweating rate, rectal temperature, respir­
ation rate and skin temperature at 101°F and 29 mm Hg 
vapor pressure during third phase.
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to the sweat collection apparatus and the system started. The 
second animal was brought into the chamber later so that it would 
also be approximately 18 minutes before the first measurement of 
sweating rate on her was recorded.
TABLE 12. Mean values of sweating rate and other responses according 
to the time of exposure to the hot chamber (101°F, 29 mm Hg 
vapor pressure) during third phase.
Sweating Rectal Respiration Skin
Time of exposure rate temp. rate temp.
(minutes) (hours) (mg/10cm2/15min) (°F) (counts/min) (°F)
18 0.3 46.2 101.6 46 96.7
54 0.9 50.1 102.3 87 98.4
90 1.5 57.1 102,7 112 98.7
126 2.1 58.4 102.9 122 98.9
162 2.7 58.6 103.1 122 99.1
198 3.3 57.5 103.2 124 99.2
234 3.9 56.9 103.2 129 99.4
270 4.5 56.3 103.3 126 99.5
306 5.1 53.7 103.3 125 99.5
342 5.7 53.3 103.4 120 99.4
It will be apparent from these data that the time trend in
sweat production was curvilinear. There 1was an initial rise with the
exposure to hot climate. The sweating rate levelled off about one 
and a half hours after the initial exposure. However, a tendency 
for the sweat output to decline was also noticed at the end of four 
hours. The curvilinear repression of sweating rate with respect to 
the time of exposure was described by the following equation:
Y" ~ 43.672521 + 0.1762628X - 0.0005735394X2 + 0.0000003732972X3,
A  owhere Y is the predicted sweating rate in mg/10cm and X is exposure 
time in minutes.
These data were also analyzed to obtain regression equations for 
individual animals. Statistical tests were made to determine if a 
pooled repression equation could be used for each group comprising 
three animals and finally whether data on both of the groups could 
also be pooled into one equation. The cubic effects in the two groups 
when tested separately were not significantly different from zero.
This indicates that the decline in sweat production was not statisti­
cally significant when the two groups of animals were considered 
separately. It would be desirable to determine the true nature of 
this decline using large number of animals with uniform managerial 
background. The decline, if observed consistently needs to be pursued 
further with respect to time of exposure to determine whether sweating 
rate restabilizes at a lower level and what is the magnitude of sweating 
rate at subsequent periods. Allen et al. (4) measured sweating rate 
for 24 hours at three hour intervals. A diurnal variation in sweat 
production was observed. Taneja (93) obtained a uniform sweating rate 
from the belly area of Shorthorn and Zebu crosses during the four 
hours of exposure at 104°F with individual observations being made at 
half-ap-hour intervals. The slope of the curve of sweating rate from 
the shoulder area of the animals, however, increased with increase 
in time of exposure for a period of six hours. The slopes were charac­
terized by several undulations. Lack of details in the materials 
presented and absence of adequate statistical treatment of the data
make a thorough evaluation of the reported results difficult. McDowell
oet al. (67) recorded the sweating rate at 105 F from different areas 
of the cow skin at 0.5 to 1 hour intervals over a period of 2.5 hours
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between the second and fifth hour of exposure. During this period
evaporation rates tended to increase slightly with time but the
trends were not significant. They-concluded that the uniform sweating
rate in cattle contradicts the general mode of periodic secretion of
apocrine sweat glands (86). However, Rothman (85) states that Buf­
fs'
ficienf evidence exists to assume a dual function of apocrine glands, 
one of them being a continuous secretion of fluid sweat on thermal 
stimulation.
b. Rectal Temperature. The rise in rectal temperature with 
increase in time of heat exposure was described by the following 
regression equation:
Y = 101.86335 + 0.007286299X - 0.000006818737X2
Awhere Y is the predicted rectal temperature in °F and X is time in 
minutes.
Unlike the time trend in sweating rate, the curve of rectal 
temperature with respect to time of exposure (Figure 4) did not indi­
cate any cubic effect. Thus the data were analyzed only for the linear 
and quadratic effects. Both the linear and quadratic effects were 
highly significant (P ^0.01) in the two groups of animals and also 
on an overall basis. About 2.5 hours after the initial exposure a 
steady rectal temperature was attained. However, the difference in 
rectal temperature between the first hour and 5.7 hours was only 1°F, 
on an average (Table 12). In American Brahman cattle, Taneja (93) 
reported a steady rectal temperature at 1% hour after exposure either 
to 104°F or to 116°F. Here also the difference in rectal temperature 
between the first and fifth hours of exposure was 1°F. The initial
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rise in rectal temperature with heat exposure was also observed by 
Riek and Lee (82) and by Beakley and Finlay (6). However, Beakley 
and Findlay (6) also noticed that the rectal temperature remained 
steady for a period of 3.5 hours only, following which it began to 
rise again. This "end of the period rise" as they characterized it 
was evident particularly at low environmental temperatures. This 
phenomenon was not observed in the present experiment which was 
conducted at a dry bulb temperature of 101°F.
c. Respiration Rate. Time trend in respiration rate was 
described by,
Y = 70.652263 + 0.29565709X - 0 .0002967055X2 , 
awhere Y is the predicted respiration rate (counts/minute) and X is 
time in minutes.
Like the time trend in rectal temperature, the data on respira­
tion rate when plotted against exposure time (Figure 4) indicated 
that the curve will be best fitted by a polynomial function of second 
degree. Thus, only the linear and quadratic effects were analyzed 
and their statistical tests made. Both these effects were highly 
significant (P <0.01) in the two groups of animals and also on an 
overall basis. Respiration rate showed characteristically greater 
variability with exposure time than other responses. The plateau of 
respiratory frequency was reached about two hours after the exposure 
(Table 12). Beakley and Findlay (8) observed that during the first 
two hours of heat exposure a rapid rise in respiration rate occurred 
in Ayrshire calves. In some instances the high values reached in this 
way tended to maintain but in others gradual decrease was noted.
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d. Skin Temperature. The relationship between the skin tempera­
ture and exposure time was described by the following eqqation:
A oY - 97.596644 + 0.Q06011952X - 0.000004354946X2,
Awhere Y is skin temperature in F and X is time in minutes. However, 
the regression coefficients for either the linear or quadratic effect 
were not statistically significant. The difference in skin tempera­
ture between the second and final observation was only l^F. Similar 
effect of time of heat exposure on skin temperature of Ayrshire calves 
was also reported by Beakley and Findlay (7). They carried out detailed 
experiments on the effect of air temperature and humidity on skin 
temperature of calves. It was concluded that in a new environment fhe 
calves acquire a fairly steady skin temperature in approximately ten 
minutes.
2. Acclimatization and Sweating
The mean values of different responses measured during four 
replications are given by groups in Table 13. It will be noted that 
the animals of Group B which were previously acclimatized to a summer 
climate responded with significantly greater (P <£ 0.05) sweat produc­
tion than those which were previously exposed and conditioned to a 
cool climate (Group A). The differences in the sweating rate between 
the two groups reduced in subsequent weeks, and during the fourth 
week identical values for both the groups were recorded. This was 
expected because animals in both the groups were under the same environ­
ment (natural summer conditions) during this phase, The only difference 
between the two groups was in their previous status of acclimatization.
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TABLE 13. Average values of sweating rate, rectal temperature,
respiration rate, skin temperature, heat production and 
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One probable reason for the observed initial difference in sweating 
behavior between the two groups of animals might be that the sweat 
glands in acclimatized animals were in an active state. On exposure 
to hot conditions the glands responded immediately with a greater 
output. On the otherhand, the sweat glands in animals adapted to a 
cool climate might have been in a quiescent state. A longer latent 
period was required for optimum functioning of the glands in these 
animals upon heat exposure. In transitory adaptation to heat, human 
subjects have been found to sweat more readily and profusely (57).
Some indications of increase in sweating in cattle due to acclimati­
zation have also been reported by Allen (3) and Weldy and McDowell
(108). In the second week some sporadic skin eruptions around the
capsule site were noticed in two animals in Group B. This may have
)
been a factor causing lower sweating rates in Group B than Group A 
during this period.
The average rectal temperatures were identical in the two groups 
of animals. Mean respiration rates were slightly higher in Group B, 
although the difference between the two groups was non-significant. 
Animals of Group B with higher sweat production showed slight decrease 
in skin temperature initially. Heat production was consistently 
higher and respiratory vaporization was consistently lower in Group 
A which was unacclimatized to hot conditions. The difference between 
the two groups became smaller in subsequent weeks. However, none of 
these differences were statistically significant.
Y intercepts of regression equations for the two groups of animals 
are presented in Table 14. It will be noted that the response in
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sweat output was more immediate in Group B than in Group A. It was 
noted earlier (Table 13) that the average rectal temperatures of the 
two groups were identical. However, the initial response of the un­
acclimatized group to heat exposure was characterized by a higher 
rectal temperature. A steady rectal temperature was reached later 
by the animals of Group B which were previously exposed to a warm 
climate. Similar observations were made with respect to other responses. 
While the mean values of respiration rate in Group B were higher than 
those of Group A (Table 13), the rise in respiration rate occurred 
earlier in Group A than in Group B. Likewise, the rise in skin 
temperature with time of heat exposure was immediate in Group A.
TABLE 14. 'Y' intercepts of the time curve of sweating rate, rectal





Sweating rate A 37.4 40.3 59.9 45.0
B 50.3 27.5 62.3 41.6
Rectal temperature A 101.7 102.3 101.5 101.6
B 101.5 101.5 101.3 101.3
Respiration rate A 38 81 55 55
B 45 31 32 51
Skin temperature A 97.3 97.2 97.1 96.6
B 97.2 96.0 96.2 95.6
Regression analyses with data of individual animals revealed an 
irregularity in physiological responses among unacclimatized animals 
in Group A, when exposed to the hot room. The individual regression 
equations of three animals for rectal temperature and respiration
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rate could not be pooled since the regression coefficients were signi­
ficantly different among the animals in this group. Neither the 
quadratic nor linear effect represented by the respective coefficients 
were significantly different from zero for skin temperature in this 
group. This would indicate that the time change relationship of skin 
temperature with hours of exposure was nonexistent. On the otherhe.nd, 
a pooled regression equation for rectal temperature, respiration rate 
and skin temperature could be used for all the animals in Group B 
which were already acclimatized to the warm climate. The situation 
was reverse in the two groups with respect to the sweating rate. A 
pooled regression equation for sweating rate could be used for Group 
A but not for Group B. However, the differences among animals in 
Group B was not in their regression coefficients but in their 'Y' 
intercepts or "a" values.
D. General Discussion
A few improvement? in the technique originally employed by 
McDowell et al. (67) for sweat collection were made during this 
investigation. The maintenance circuit was an exact replicate of the 
measuring circuit to insure adequate absorption of the circulating 
sweat in the absorbers. The design of the pump used in the measuring 
circuit was such that the cutaneous moisture never came in contact 
with the interior of the pump. During preliminary observations, minute 
black particles were observed to settle in the absorbers of the 
measuring circuit. It was detected that these particles originated
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during connection and disconnection of black hoses by glass tubings 
even though the edges of the tubings were polished. The movement of 
these undesirable solid particles to the absorbers, thereby giving a 
higher reading, was prevented by the use of a trap as described earlier. 
The final input tube to the measuring test-tubes was provided with a 
fritted end thus ensuring a complete arrest of sweat circulating in 
the system. Appropriate hose connections were made after occluding 
the inner passage by the use of screw-clamps. This prevented exchange 
of outside air with that of the equilibrated system. The stop­
watch recording the time of sweat output was started as soon as the 
capsule in the maintenance circuit was devoid of circulating air.
The handling of the hoses and other procedures in the system 
were done at a distance from the animals, thus physically disturbing 
them to the minimum. Simulating summer conditions the temperature 
schedule for 77°F was during the night. The measurements at this 
temperature were made in the chamber which was virtually dark thus 
maintaining the animal surroundings as natural as possible. The 
choice of capsule site on the skin and the setting up of the entire 
system was such that maximum freedom of movement was allowed to the 
animals when the work was in progress. Recognizing the limitations of 
this technique one standard site was chosen for comparative measure­
ments among animals in cutaneous evaporative rates. The hairs on the 
skin to be covered by the capsule were clipped on every test day to a 
standard length in all the animals.
However, the principle on which the method is based allows the 
work to be done only under an equilibrated set of climatic conditions.
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Blank readings in mg/30 min of the absorbers in the measuring circuit 
equilibrated in each set of temperature conditions were 2.5 at 66°F 
and 75% RH., 3.2 at 77°F and 78% RH., 2.5 at 85°F and 63% RH. and 4.4 
at 96°F and 67% RH.
Simultaneous measurements on metabolic heat production of animals 
and other responses indicated that probably a higher sweating rate 
under the capsule was being obtained with the adopted technique. The 
work of McLean (69) would indicate that the rate of air flow selected 
in this experiment may have been a contributing factor. The use of 
glue in fixing the capsule on the skin is also undesirable because of 
its probable influence in altering the normal sweating rate. This is 
particularly true where identical measurements are repeated on several 
occasions. Elastic belts to grip the capsule on the skin were tried 
as reported by McLean (69) but the immobility and air tightness of 
the covered area could not be insured satisfactorily.
The latest method outlined by McLean (69) needs to be thoroughly 
explored. The procedure to determine the proper rate of air flow 
through the sealed capsule is described in details. A spring-loaded 
device has been adopted inside the capsule to insure that the sensitive 
end of the thermocouple remains constantly in contact with the 
covered skin.
A summer climate is characterized by definite fluctuations in 
temperature and humidity of the air in 24 hours. A concomitant varia­
tion in the physiological responses was also observed. The heat load 
of an animal is greater during the hotter part of the day. This was 
reflected by high body temperature and respiration rate and also by
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greater output of the sweat glands. During the cooler part of the day, 
as the heat stress is reduced, sweat production is also decreased 
along with other responses. The mean sweating rates in g/m^/hr at 77°, 
85° and 96°F were 107, 139 and 210 respectively. In repeating these 
observations a progressive decline in sweat secretion under identical 
environmental conditions became quite apparent. If did not appear 
to be a response of the adaptive changes in the animals. It needs to 
be determined whether or not such results are due to normal depres­
sion of the activity of sweat glands upon heat exposure or to arti­
ficial conditions imposed by the experimental technique viz., the 
capsule glued in the measuring site, continuous air-flow of three 
liters per minute through the covered area etc.
The basal rate of cutaneous evaporation in a thermoneutral 
environment (66°F) was 86 g/m^/hr. The ratios pf the evaporative 
moisture were 1.25 between 77°/66°F, 1.61 between 85°/66°F and 2.44 
between 96°/66°F. "Normal11 values of other responses were recorded 
at this temperature (29). Rectal temperature was 101.6°F, respiration 
rate 23 per minute, and a skin temperature 89.3°F with the gradient 
between rectal and skin temperatures being 7°F. These responses 
were highly repeatable during this period. Cutaneous evaporation 
showed some inconsistency among replications. However, measurements 
were made on five animals only. This needs to be verified further 
with large number of experimental animals by recording the individual 
sweat collection measurement for a longer period. This probably would 
yield greater magnitudes of evaporative rates associated with less 
variance.
78
In this experiment, combinations of controlled ambient tempera­
ture and humidity were such that the individual influence of temperature 
or humidity per se on sweating rate could not be ascertained. Neither 
the experiment was designed to determine the effect of wind velocity 
on surface evaporation.
An efficient method of measuring sweating rates would probably 
involve detailed laboratory facilities. Thus, a limitation is con­
sequently imposed on its practical use in a greater scale. Fundamental 
knowledge on sudomotor mechanism of bovine is seriously lacking.
However, for practical purposes, simultaneous physiological responses 
and other anatomical characteristics also need to be studied so that a 
response(s) or a trait(s) which can be easily determined and which is 
also highly correlated with sweating rate can finally be selected for 
selection and breeding work. In this experiment a negative correlation 
between sweating rate and surface area and a positive correlation 
between sweating rate and sweat gland population were obtained. These 
correlations were not significant. It needs to be investigated 
whether significant correlations can be obtained with greater degrees 
of freedom being made available for statistical treatments.
V. SUMMARY AND CONCLUSIONS
An investigation was conducted in three phases to determine 
the effects of hot and cool climatic conditions on the sweating rate 
and the following physiological responses of 10 yearling Holstein 
heifers: rectal temperature, respiration rate, skin temperature,
metabolic heat production, and respiratory vaporization. Sweat gland 
population, surface area and body weight changes of the animals' also 
were determined.
The purpose of the first phase was to study the sweating rate 
and other responses of dairy heifers under simulated summer conditions 
(a regimen of environmental temperatures cycling diurnally from 77° to
modification of the "sweat capsule" technique.
: The physiological responses followed fluctuations directly with 
the;.ambient temperatures. Except for metabolic heat production, these 
changes were highly significant (P <0.01). On repeated tests, a 
progressive decline in sweat output was observed. Among-animal 
differences in all the responses excepting skin temperature were 
statistically significant (P <0.05). With'in-animal correlations 
between sweating rate and each of the other responses were positive 
and highly significant (P <0.01). Among-animal correlations between 
sweating rate and rectal temperature and between sweating rate and res­
piration rate were negative and not statistically significant.
months. Sweating rates were measured by a
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Non-significant positive within-heifer correlations were obtained 
for the remaining responses.
The average number of sweat glands per cm? of skin was 991 + 89. 
The correlation coefficient (r = 0.471) between the sweat gland popula­
tion and the sweating rate was nonsignificant. The mean surface area 
of the animals was 4.02 + 0.14 m?. A nonsignificant negative correla­
tion (r = -0.278) between the sweating rate and the surface area of an 
animal was obtained. The average daily gain in body weight of the 
heifers under hot conditions with cycling ambient temperatures 
(77° - 85° - 96°F) was 0.92 + 0.79 lb. There was a significant 
(P ^0.05) positive correlation (r = 0.645) between the sweating rate 
and daily gain in body weight of the animals.
The purpose of the second phase was to determine the magnitudes 
of the above responses in a thermo-neutral environment (66°F and 12 
mm Hg vapor pressure). Only 5 of the earlier 10 heifers were used in 
this phase for a period of two months.
The average cutaneous evaporative rate (mg/10cm^/15 rain), rectal 
temperature (°F), respiration rate (counts/min.) and skin temperature 
(°F) at a dry bulb temperature of 66°F were 21.5, 101.6, 23 and 89.3 
respectively. Among-animal differences in sweating rate and respiration 
rate were highly significant (P <„0.Q1). The correlation coefficients 
between sweating rate and each of the other responses were negative 
and non-significant.
The purposes of the third phase were to determine the time 
trends in the physiological responses upon short-time exposure to hot 
conditions (101°F and 29 Hg vapor pressure) and to study the effect
81
of previous acclimatization status of the animals on these responses 
upon heat exposure. Of the original 10 heifers, the six younger 
ones were brought into the hot climatic chamber and kept for 6 hours 
once a week over a 4 week period.
The regression equations of the responses with respect to time 
of heat exposure were curvilinear (second degree polynomial), showing 
a rise with initial exposure to hot conditions. However, there was 
a tendency for the sweat production to decline at the end of about four
and a half hours of exposure. Animals previously adapted po a hot
climate lost more heat by evaporative processes than those not adapted 
to hot conditions when both were exposed to the hot room. Upon heat 
exposure, unacclimatized animals responded with high initial rectal 
temperature, respiration rate, skin temperature and low sweating rate. 
Metabolic heat production was greater in the unacclimatized group of 
animals.
From the results obtained, the following conclusions seem to 
be justified:
1. Sweating is an important mode of heat dissipation in dairy 
cattle.
2. Sweating rate is markedly influenced by ambient temperature. 
With increasing environmental temperature major proportion 
of heat loss is due to sweating.
3. Considerable variation exists among animals within the same 
breed in sweating rate.
4. Sweating rates of cattle measured at constant dry bulb 
temperatures for a short period of time cannot be compared
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with the sweating rates of animals exposed continuously 
to cycled hot conditions.
5. Once the thermo-equilibrium is attained, sweating rate and 
other responses remain steady for a period of at least 3 
hours.
6. Animals that have been acclimated to hot climatic conditions 
perspire more than do the unacclimated animals,
7. Respiratory vaporization shows comparatively minor changes 
with increasing air temperatures.
8. Further extensive research with improved techniques is needed 
for measuring sweating rate and other metabolic responses. 
Experimental animals should Include dairy cattle of 
different breeds, of different age groups and of different 
productive and reproductive backgrounds.
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TABLE 1. Analysis of variance for sweating rate at 96°, 85° and 77°F
with first three replications during first phase.
Degrees of Sum of Mean Per cent of
Source of variance freedom squares square variance F-value
Replications (R> 2 16411.66 8205.82 18.48 2.99
Animals (A) 9 26905.70 2989.52 6.73 2.78*
Tempera tures <T) 2 58575.12 29287.56 65.95 16.24*
R X A 18 19324.08 1073.56 2.42 2.69**
A X T 18 11501.41 638.97 1.44 1.60
R X T 4 7213.39 1803.35 4.06 4.51**
R X A X T 36 14379.23 399.42 0.90 36.31**
Residual 270 3057.56 11.32 0.02
Total 359 157368.15
^Significant at P ^ . 0 5  
**Signifleant at P ^ . 0 1
TABLE 2. Analysis of variance for sweating rate at 96° and 85°F with 






Mean Per cent of 
square variance F-value
Replications (R) 3 36463.15 12154.38 27.24 6.99*
Animals (A) 9 38890.19 4321.13 9.68 4.59**
Temperatures (T) 1 25624.45 25624.45 57.43 30.95*
R X A 27 25434.85 942.03 2.11 4.09**
A X T 9 4550.12 505.57 1.13 2.20
R X T 3 2483.54 827.85 1.86 3.60*
R X A X T 27 6213.52 230.13 0.52 17.70**
Residual 240 3120.30 13.00 0.03
Total 319 142780.12
*Significant at P ^ 0 . 0 5
**Signifleant at P ^ 0 . 0 1
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TABLE 3, Analysis of variance for rectal temperature at 96°, 85° and
77°F with first three replications during first phase.
Degrees of Sum of Mean Per cent of
Source of variance freedom squares square variance F-value
Replications (R) 2 24.08 12.04 _ 3.21
Anina Is (A) 9 49.27 5.47 “ 2.88*
Temperatures (T) 2 646982.26 323491.13 99.99 64958.09**
R X A 18 7.01 0.39 0 2.29*
A X T 18 28.18 1.57 - 9.24**
R X T 4 13.63 3.41 - 20.06**
R X A X T 36 6.24 0.17 !- 1.89**
Residual 180 15.39 0.09
Total 269 647126.06
*Signifleant at P <.05
**Significant at P <.01
TABLE 4. Analysis of variapce for rectal temperature at 96° 









Per cent of 
variance F-value
Replications (R) 3 42.64 14.21 12.02 11.20**
Animals (A) 9 99.69 11.08 9.37 11.55**
Temperatures (T) 1 91.01' 91.01 76.98 80.65**
R X A 27 15.18 0.56 0.47 4.67**
A X T 9 3.68 0.41 0.35 3.42**
R X T 3 2.16 0.72 0.61 6.00**
R X A X T 27 3.18 0.12 0.10 1.00
Residual 160 19.76 0.12 0.10
Total 239 277.30
^Significant at P ^.01
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TABLE 5. Analysis of variance for respiration rate at 96°, 85° and 77pF






Mean Per cent of 
square variance F-value
Replications <R) 2 3104 1552.00 0.39 7.46**
Animals (A) 9 32402 3600.22 0.91 2.86*
Temperatures (T) 2 777408 388704.00 98.13 308.39**
R X A 18 3862 214.56 0.05 1.03
A X T 18 22688 1260.44 0.32 6.06**
R X T 4 2101 525.25 0.13 2.53
R X A X T 36 7488 208.00 0.05 3.54**
Residual 180 10584 58.80 0.02
Total 269 859637
*Signifleant at P «^*Q5 
**Significant at P < . 0 1
TABLE 6. Analysis of variance for respiration rate at 96° and 85°F 








Per cent of 
variance F-value
Replicat ions <R) 3 4977 1659.00 1.91 5.94**
AnimaIs 9 62964 6996.00 8.07 9.74**
Temperatures (T) 1 76079 76079.00 87.77 105.89**
R X A 27 8350 309.26 0.36 4.13
A X T 9 6466 718.44 0.83 2.57*
R X T 3 1680 560.00 0.65 2.00
R X A X T 27 7543 279.37 0.32 3.73**
Residual 160 11969 74.81 0.09
Total 239 180028
^Significant at P ^ , 0 5
**Significant at P <  .01
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TABLE 7. Analysis of variance for skin temperature at 96°, 85° and 77°F
with first three replications during first phase.
Degrees of Sum of Mean Per cent of
Source of variance freedom squares square variance F-value
Replications (R) 2 3.76 1.88 0.44 3.13*
Animals (A) 9 10.31 1.15 0.27 1.92
Temperatures (T) 2 835.20 417.60 98.49 264.30**
R X A 18 9.17 0.51 0.12 0.85
A X T 18 28.38 1.58 0.37 2.63*
R X T 4 2.79 0.70 0.17 1.17
R X A X T 36 21.75 0.60 0.14
Total 89 911.36
*Signi£icant at P <  .05
**Significant at P <  .01
TABLE 8. Analysis of variance for skin temperature at 96° and 85°F
with four replications during first phase.
Degrees of Sum of Mean Per cent of
Source of variance freedom squares square variance F-value
Replications (R) 3 2.64 0.88 0.24 1.49
Animals (A) 9 8.05 0.89 0.24 1.51
Temperatures (T) 1 368.08 368.08 98.90 623.75**
R X A 27 9.83 0.36 0.10 0.61
A X T 9 4.04 0.45 0.12 0.76
R X T 3 2.77 0.92 0.25 1.56
R X A X T 27 15.81 0.59 0.15
Total 79 411.22
**Significant at P ^.01
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TABLE 9. Analysis of variance for metabolic heat production at 96°,








Per cent of 
variance F-value
Replications (R> 2 0.0543 0.0272 0.59 0.20
Animals (A) 9 8.2280 0.9142 19.73 3.13*
Temperatures (T) 2 5.2965 2.6483 57.17 5.57
R X A 18 5.2547 0.2919 6.30 2.38*
A X T 18 2.7498 0.1528 3.30 1.26
R X T 4 1.9019 0.4755 10.26 3.88*
R X A X T 36 4.4145 0.1226 2.65
Total 89 27.8997
^Significant at F < . 0 5
TABLE 10. Analysis of variance for metabolic heat 
and 85°F with four replications during







Mean Per cent of 
square variance F-value
Replications (R) 3 0.7092 0.2364 5.12 0.50
Animals (A) 9 6.8862 0.7651 16.38 5.67**
Temperatures (T) 1 2.5633 2.5633 55.51 5.39
R X A 27 6.1317 0.2271 4.93 1.68
A X T 9 1.9347 0.2150 4.66 1.59
R X T 3 1.4265 0.4755 10.30 3.52*
R X A X T 27 3.6437 0.1350 3.10
Total 79 23.2953
*Significant at P ^ . 0 5
**Signifleant at P ^ . 0 1
TABLE 11. Analysis of variance for respiratory vaporization at 96°,









Per cent of 
variance F-value
Replication (R) 2 159.22 79.61 0.20 0.04
Animals (A) 9 91771.47 10196,83 25.47 7.09**
Temperatures (T) 2 50478.73 25239.37 63.04 7.68**
R X A 18 13419.95 745.55 1.86 1.72
A X T 18 25895.03 1438.61 3.59 3.33**
R X T 4 7613.25 1903.31 4.75 4.40**
R X A X T 36 15571.01 432.53 1.09
Total 39 204908.66
Significant at P <.01
TABLE 12. Analysis of variance for respiratory vaporization at 96° 








Per cent of 
variance F-value
Replications (R) 3 148.73 49.58 0.08 0.02
Animals (A) 9 62464.22 6940.47 11.60 2.75
Temperatures (T) 1 46749.61 46749.61 78.13 9.73*
R X A 27 17601.70 651.91 1.09 1.13
A X T 9 22704.73 2522.75 4.22 4.37**
R X T 3 7024.42 2341.47 3.91 4.06*
R X A X T 27 15578.33 576.98 0.97
Total 79 172271.74
*Significant at P <.05
**Significant at P <.01
99
TABLE 13. Analysis of variance for sweating rate at 66°F during 
second phase.
Source of variance






Per cent of 
variance F-value
Replications (R) 3 422.99 141.00 31.85 5.35*
Animals (A) 4 1083.60 270.90 61.19 10.28**
R X A 12 316.06 26.34 5.95 5.89**
Residual 60 268.17 4.47 1.01
Total 79 2090.82
*Signifleant at P <£,05 
**Significant at P < . 0 1
TABLE 14. Analysis of variance for rectal temperature at 66°F during 
second phase.
Degrees of Sum of Mean Per cent of
Source of variance freedom squares square variance_____ F-value
Replications (R) 3 0.05 0.017 30.36 0.65
Animals (A) 4 0.05 0.013 23.21 0.50
R X A 12 0.31 0.026 46.43
Total 19 0.41
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TABLE 15.. Analysis of variance for respiration rate at 66°F during 
second phase.
Degrees of 





Per cent of 
variance F-value
Replications (R) 3 
Animals (A) 4 














**Significant at P < . 0 1
TABLE 16. Analysis of variance for skin temperature at 66°F during 
second phase.
Degrees of 





Per cent of 
variance F-value
Replications (R) 3 
Animals (A) 4 
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